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ABSTRACT 

This i s  the  fou r th  and f i n a l  progress repor t  on a program t o  de- 
velop r ad ia t ion - re s i s t an t  e l ec t ron ic s .  The program was managed by the  
Harry Diamond Laborator ies  w i t h  the  support of t he  National Aeronautics 
and Space Administration. In addi t ion t o  in-house work a t  HDL, c o n t r a c t s  
were l e t  with the  Phi lco Corporation t o  develop thin-f i lm a c t i v e  devices  
and with the  General E l e c t r i c  Company fo r  work on tunnel ing cathodes.  
The con t r ac to r s  submitted ind iv idua l  q u a r t e r l y  progress  r epor t s  and / Tg’s f! 
f i n a l  r epor t s  a r e  i n  preparat ion.  

During the  per iod covered by t h i s  r epor t  the  t h e o r e t i c a l  descr ip-  
t i o n  of the  f i e l d  emission process developed e a r l i e r  has been appl ied  
t o  t en  sets of experiment da ta  from severa l  sources.  Although the  
theory could be made t o  f i t  the  data,  quest ion s t i l l  e x i s t s  as t o  the  
v a l i d i t y  of t he  values t h a t  must be assumed f o r  some of the  ad jus t ab le  
cons tan ts ,  such a s  the  genera l ly  unmeasured f i lm thicknesses .  A s p e c i a l  
r epor t  on t h i s  t h e o r e t i c a l  work has  been issued separa te ly .  

Although f u r t h e r  experiments were performed w i t h  aluminum-alumi- 
num oxide-aluminum sandwiches, the  emphasis of the experiments was 
changed t o  gold-s i l icon  monoxide-gold s t r u c t u r e s  s ince  these a r e  amenable 
t o  in t e r f e romet r i c  measurement of the i n s u l a t o r  l aye r .  Early experiments 
with t h e  l a t t e r  system produced many s h o r t  c i r c u i t s .  Underlaying t h e  
gold e l ec t rode  w i t h  oxidized bismuth, producing a f ea the r  edge on t h i s  
e l ec t rode ,  and annealing the  composite s t r u c t u r e  p r i o r  t o  a c a r e f u l l y  
con t ro l l ed  s i l i c o n  monoxide deposit ion dramat ica l ly  reduced t h e  incidence 
of s h o r t o c i r c u i t s .  It  i s  now possible  t o  produce these  sandwiches with 
only 75 A of s i l i c o n  monoxide between the  gold l aye r s  without sho r t  c i r -  
c u i t s .  A l a r g e  number of t h i n  f i lm diodes were made and t h e i r  e l e c t r i -  
c a l  behavior examined. Unfortunately for the  p r a c t i c a l  ob jec t ives  of 
t h i s  research,  t he  e l e c t r i c a l  behavior of these  t h i n  f i lm s t r u c t u r e s  
was complicated by a v a r i e t y  of e f f e c t s  not  d i r e c t l y  r e l a t e d  t o  the  
quantum mechanical tunnel ing hoped for. In  f a c t  i n  these experiments 
tunnel ing was seldom encountered. 

Work w a s  continued on the  preparat ion of thin-f i lm,  aluminum- 
cadmium sulf ide-gold diodes f o r  possible  c o l l e c t o r  s t ruc tu res .  When 
these were subjec ted  t o  an appropriate hea t  treatment they developed 
Pronounced r e c t i f y i n g  c h a r a c t e r i s t i c s  thereby re inforc ing  the  idea tha t  
a successfu l  th in- f i lm c o l l e c t o r  could be made i n  t h i s  manner. I 

Since t h i s  is the  f i n a l  report of the  program on Radiation-Resis- 
an t  Elec t ronics ,  managed by HDL i n  behalf of NASA, a r e v i e w  of t he  
r e s u l t s  of the  two i n d u s t r i a l  research con t r ac t s ,  which ran  concur- 
r e n t l y  with the  in-house e f f o r t ,  i s  a l s o  included as .wel1 a s  a h i s t o r i c a l  
survey of published research i n  t h i s  f i e l d  appearing during t h e  per iod 
covered by  t h i s  r epor t .  I t  i s  concluded t h a t  w h i l e  a hot-electron 
a c t i v e  device based upon quantum mechanical tunnel ing is  by no means 
Out of the  quest ion,  s i g n i f i c a n t  problems i n  t h e  f ab r i ca t ion  of such 
a device s t i l l  remain t o  be overcome. 
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1. INTRODUCTION 

This  i s  the  four th  and f i n a l  progress repor t  descr ibing work on 
r ad ia t ion - re s i s t an t  e l e c t r o n i c s ,  which was supported by the  National 
Aeronautics and Space Administration. The program cons is ted  of an in- 
house e f f o r t  a t  the  Harry Diamond Laborator ies  and t w o  cont rac ted  pro- 
grams, one a t  the  Phi lco Corporation and another a t  the  General E l e c t r i c  
Company. The program had a s  i ts  goal,  the  development of r ad ia t ion -  
r e s i s t a n t  e l ec t ron ic  devices  u t i l i z i n g  tunnel ing or o the r  conduction 
phenomena i n  thin-f i lm s t r u c t u r e s .  This r epor t  g ives  an account of t he  
research a t  HDL; t h e  con t r ac to r s '  researches a r e  repor ted  i n  t he i r  own 
repor t s .  

2. PROGRESS - THEOWTICAL 

2.1 
and Good 

Analysis of F i e ld  Emission according t o  the  Theory of Murphy 

During the  previous r epor t  period, a t h e o r e t i c a l  desc r ip t ion  
of t he  f i e l d  emission process t h a t  occurs  i n  thin-f i lm,  metal- insulator-  
metal sandwiches had been developed. The ana lys i s  included the  e f f e c t s  
of image forces  i n  a cons idera t ion  of combined thermonic emission and 
quantum mechanical tunneling. During the  per iod reported here, da ta  
on tunnel ing cur ren ts  were co l l ec t ed  from t e n  sources,  v i z :  one set of 
da t a  on aluminum-aluminum oxide-aluminum and one set of da t a  on gold- 
s i l i c o n  monoxide-gold were from HDL experiments and t h e  reh,,nder were 
from the l i t e r a t u r e .  Of the  l a t t e r ,  one set of da t a  was on beryll ium 
oxide) the r e s t  were on aluminum oxide. 
made t o  f i t  the da ta  i n  m o s t  cases ,  but the  physical  s ign i f i cance  of 
some of the values a t tached  t o  the  ad jus tab le  t h e o r e t i c a l  parameters 
is quest ionable .  For example, it is  f requent ly  necessary t o  assume 
f i l m  thicknesses  g r e a t e r  than t h a t  es t imated by the  experimenter.  
t a i l e d  repor t  of t h i s  work has  been issued sepa ra t e ly  r a t h e r  than wi th-  
i n  t h i s  s e r i e s  of progress r e p o r t s  ( re f  l), and a s l i g h t l y  condensed 
vers ion has been accepted f o r  publ ica t ion  i n  the  Transact ions of t he  
I.E.E.E. f o r  Component Pa r t s .  

The t h e o r e t i c a l  curves could be 

A de- 

3. PROGRESS - EXPERIMENTAL 

3.1 Vacuum Technoloav 

A l l  the  experiments performed t o  da te ,  including those re- 
ported i n  t h i s  report, below, have been performed i n  conventional 
high-vacuum systems, which can provide an u l t ima te  vacuum no b e t t e r  

than t o r r .  In  d iscuss ions  w i t h  expe r t s  i n  t h e  f i e l d  of th in- f i lm 
research,  it has been made manifest  t h a t  supe r io r  r e s u l t s  can be ob- 
t a ined  by going to  u l t r ah igh  vacuum, i. e., t o  a t  least lo-' t o r r .  
Accordingly w e  have concluded t h a t  f u t u r e  experimentation i n  t h i s  con- 
nect ion w i l l  r equi re  the  use of ultrahigh-vacuum equipment i f  t h e r e  & 
a t o  be a reasonable chance f o r  success.  

6 



3.2 Diode S t r u c t u r e s  

Experiments were continued t o  ob ta in  data on tunnel ing  cur- 
r e n t s  i n  th in- f i lm s t r u c t u r e s  cons is t ing  of two metal f i l m s  separa ted  
by a t h i n  i n s u l a t i n g  f i lm .  In  a continuation of ear l ier  work, f u r t h e r  
sandwiches of aluminum-aluminum oxide-aluminum were prepared, Although 
t h i s  system i s  t h e o r e t i c a l l y  a promising one, it has  two p r a c t i c a l  
drawbacks as f a r  as t h e  present  work is  concerned. In  t h e  f i r s t  place,  
i t  i s  exceedingly d i f f i c u l t  t o  measure t h e  oxide th ickness  accura te ly .  
In  t h e  second place, un le s s  the  f i r s t  metal l ic  aluminum e lec t rode  is  
vacuum deposited i n  u l t r a h i g h  vacuum the oxide l a y e r  which is grown 
thermally w i l l  not have good insu la t ing  p rope r t i e s .  In  t h e  work re- 
por ted  here, no ultrahigh-vacuum f a c i l i t i e s  were a v a i l a b l e  so tha t  it 
w a s  no t  s u r p r i s i n g  tha t  t h e  g r e a t e r  por t ion  of our th in- f i lm s t r u c t u r e s  
exh ib i t ed  s h o r t  c i r c u i t s .  Nevertheless it w a s  poss ib l e  t o  observe 
f i e l d  emission i n  a l i m i t e d  number of cases and an example of t h e  re- 
s u l t s  obtained i s  given i n  f i g u r e  1. These d-c data have been examined 
t h e o r e t i c a l l y ,  and an i n t e r n a l  work function, by of 0.6 e V  has  been ob- 
t a ined  f o r  t h e  aluminum-aluminum oxide i n t e r f a c e ,  as w e l l  a s  a d i e l e c t r i c  
cons tan t ,  K, of about 3 f o r  the oxide. This  a n a l y s i s  has been given i n  
d e t a i l  elsewhere ( r e f  1). 

) 

Because of t h e  p r a c t i c a l  l i m i t a t i o n s  enumerated above, it w a s  
decided t o  conduct subsequent experiments w i t h  go ld - s i l i con  monoxide- 
go ld  s t r u c t u r e s .  H e r e  t h e  th ickness  of t h e  i n s u l a t i n g  f i l m  could be 
measured accu ra t e ly  by the  mul t ip le  beam in t e r f e romete r  and there w a s  
no apparent requirement f o r  u l t r ah igh  vacuum. A t  t he  o u t s e t  t h e  f r e -  
quent occurrence of s h o r t  c i r c u i t s  i n  such sandwiches w a s  a considerable 
impediment t o  p r o g e s s .  They wet;e frequent even wi th  s i l i c o n  monoxide 
layers L__ as t h i c k  as 800 A. These s h o r t  c i r c u i t s  were thought t o  
have t h e i r  o r i g i n  i n  t h e  c h a r a c t e r i s t i c a l l y  g ranu la r  na ture  of vacuum- 
depos i ted  gold f i lms ,  which present pro t rus ions  capable of pene t r a t ing  
t h e  t h i n  s i l i c o n  monoxide layers .  Since it had been recorded i n  t h e  
l i t e r a t u r e  ( r e f  2, 3)  tha t  f i l m s  01 gold s p u t t e r e d  onto  bismuth oxide 
are s t r i k i n g l y  smooth, it seemed log ica l  t o  apply a related procedure 
t o  t h e  vacuum-deposited gold.  Accordingly, sandwiches were made by 
f i r s t  vacuum depos i t i ng  a f i l m  of bisnuth,  ox id i z ing  the  exposed su r face  
the reo f ,  and then  vacuum depos i t ing  the gold onto  the  bismuth oxide. 
The composite go ld  e l e c t r o d e  w a s  t h e n  annealed a t  100°C f o r  one hour. 

A second c7is.i:c c 1  *irccc.lvre w a s  intended t o  remove the  sha rp  
edges from the  vacuam- , " !cp~s i~c~~  cl cc t r~~clc  descr ibed  abcve. Thus t h e  mask- 
used i n  these depos i t ions  was loca ted  I / :  iil, ].-I Erc.nt of the  s u b s t r a t e  
ra ther  than  i n  direct  contac t  w i t h  i t  so t h a t  t h e  shadcw cast  by the 
mask w a s  d i f fused  a t  the edges. The e l e c t r o d e s  prepared i n  t h i s  way 
have been shown t o  have gen t ly  sloping edges, which minimize any 
mechanical stresses i n  t h e i r  v i c i n i t y  wi th in  t h e  i n s u l a t o r .  Also the  
s i l i c o n  monoxide source temperatures were c a r e f u l l y  con t ro l l ed  so t h a t  
the  i n t e r n a l  stresses of thermal  o r ig in  were minimized ( r e f  4 ) .  These 
changes ev iden t ly  had a bene f i ca l  e f f e c t  and many small  area devices,  
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F I E L D  x  IO-^ (VOLTICM)  

Figure 1. Field emission characteristics of aluminum-aluminum oxide- 
aluminum thin-film diode. Points are experimental, curve 
is theoretical ., 



2 i .e.,  a c t i v e  area 0.25 mm , were then made f r e e  of s h o r t  c i r cu i t s ,  a l -  
though on larger area devices,  i.e.,  a c t ive  area 4mm2, s h o r t  c i r c u i t s  
s t i l l  occurred. This  improvement permitted a reduct ion  of t h e  in- 
s u l a t o r  th ickness  t o  as l i t t l e  as 75 2 without a s e r i o u s  incidence of 
s h o r t  c i r c u i t s  on the  small devices.  When t h e  i n s u l a t o r  th ickness  was 
f u r t h e r  reduced t o  50 2, a l l  u n i t s  were aga in  s h o r t  c i r c u i t e d .  
p o s s i b i l i t y  e x i s t s  t h a t  comparable gold e l e c t r o d e s  made by a s p u t t e r i n g  
process wguld be even smoother and might permit i n s u l a t o r  th icknesses  
below 75 A t o  be use fu l .  From a t h e o r e t i c a l  po in t  of view such f i l m s  
would be a t t a c t i v e .  

The 

During t h e  course of t h i s  work, 240 ind iv idua l  diodes were 
f a b r i c a t e d  i n  a r r a y s  of 12 t o  a sl ide,each a r r a y  present ing  t h r e e  d i f -  
f e r e n t  areas. The overwhelming majority of t h e  diodes t h a t  were not  
s h o r t  c i r c u i t e d  showed complicating e f f e c t s  t h a t  w e r e  no t  d i r e c t l y  con- 
nec ted  wi th  t h e  f i e l d  emission process. These f e l l  roughly i n t o  two 
classes. The first comprised d iodes  t h a t  showed a low i n i t i a l  r e s i s t ance ,  
u s u a l l y  a few ohms; the  second comprised diodes t h a t  showed a high 
i n i t i a l  r e s i s t ance ,  a megohm or higher,, 

Diodes of the  f i rs t  c l a s s  were cha rac t e r i zed  by an uns tab le  
cur ren t -vol tage  curve, which underwent a permanent change when a v o l t -  
age i n  excess of a c e r t a i n  th re sho ld  value, p e c u l i a r  t o  the  specimen, 
under test ,  w a s  exceeded. A f t e r  t h e  app l i ca t ion  of vo l tages  l a r g e r  than  
t h e  threshold ,  t h e  voltage-current c h a r a c t e r i s t i c  became more s t a b l e  and 
corresponded t o  an even lower r e s i s t ance  than be fo re ,  Apparently these 
diodes were undergoing an e lec t r ica l  forming process ,  
some of these showed nonl inear  current-voltage curves t y p i c a l  of a f i e l d  
emission process.  An example is  shown i n  f i g u r e  2 i n  which the  exper i -  
mental d-c po in t s  are f i t t e d  t o  the  t h e o r e t i c a l  curve f o r  combined 
thermionic and tunnel  emission. This c o r r e l a t i o n  is  explained i n  t h e  
previous re ference  ( r e f  l), and through it  a value of 0 .5  e V  w a s  ob- 
t a i n e d  f o r  the  i n t e r n a l  work function, $, and a value of 4 f o r  t he  
r e l a t i v e  d i e l ec t r i c  cons tan t ,  K, of the s i l i c o n  monoxide. 
diodes,  when formed, e x h i b i t e d  a l i n e a r  voltage-current curve and these  
remain an enigma. 

Af te r  being formed, 

Some of t h e  

Those diodes t h a t  i n i t i a l l y  presented a high r e s i s t ance ,  ex- 
h i b i t e d  a d i f f e r e n t  behavior,  which may be summarized as fo l lows:  t h e  
diode as usua l ly  fabr icated presented an extremely high r e s i s t a n c e  as 
the  app l i ed  vol tage  pulse  of t h e  curve tracer ( i .e . ,  r e c t i f i e d ' 6 0 - ~ p s  
ac) w a s  increased from zero  t o  a c e r t a i n  threshold  va lue ,  This  would 
be a few v o l t s ,  t h e  exac t  value depending upon t h e  diode i n  ques t ion .  
Upon exceeding the  threshold ,  t he  diode swi tched  t o  a l o w  r e s i s t a n c e  
cond i t ion  and the cu r ren t  increased, w h i l e  t he  vol tage  dropped due t o  
t h e  a c t i o n  of a series, cur ren t - l imi t ing  r e s i s t a n c e .  Now t he  cur ren t -  
vo l t age  curve w a s  l i n e a r .  Upon increasing t h e  cu r ren t  f u r t h e r ,  a cur- 
r e n t  w a s  f i n a l l y  reached a t  whichLthe diode switched back t o  i t s  high 
r e s i s t a n c e  s ta te  or t o  an intermediate s ta te  a l s o  of high r e s i s t a n c e .  
Th i s  cyc le  of switching could be repeated over and over again (but  not  
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Figure 2. Field emission characteristics of gold-silicon monoxide- 
gold thin-film diode. Points are experimental, curve 
is theoretical. 
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i nde f in i t e ly ) ;  it ev iden t ly  d id  not matter whether t he  counter  e l ec t rode  
was p o s i t i v e  or negat ive w i t h  respect t o  the  f i r s t  deposi ted e lec t rode .  
The same behavior occurred when t h e  p o l a r i t y  of t h e  appl ied  vol tage 
pulse  w a s  reversed.  For example, l e t  t h e  diode be switched on by a 
vol tage pulse  i n  a p a r t i c u l a r  d i r ec t ion .  I f  t h e  cur ren t  w a s  then re- 
versed, t he  diode would switch t o  t h e  high r e s i s t a n c e  state when a 
cu r ren t  th reshold  i n  t h e  reverse  d i r ec t ion  had been exceeded. The 
switching from high r e s i s t a n c e  t o  low appeared t o  be vol tage cont ro l -  
l e d  and t h a t  from low re s i s t ance  t o  high appeared t o  be cu r ren t  
cont ro l led ,  a s  w i l l  become more evident f a r t h e r  on. 

Cer ta in  o the r  a spec t s  of the behavior ou t l ined  above 
appeared when the  switching phenomena w a s  examined i n  d e t a i l .  For 
example, w i t h  most diodes i n  room ambient a spontaneous switching 
o f t e n  occurred i n  which the  diode would s w i t c h  back and f o r t h  between 
the  high and low impedance condi t ions sporadica l ly .  This  behavior 
w a s  vol tage dependent. Desiccating such diodes i n  a stream of dry 
n i t rogen  el iminated t h i s  e f f e c t ,  so doubt less  it had i t s  o r i g i n  i n  
e l e c t r o l y t i c  processes wi th in  the  insu la tor .  The normal ( i .e. ,  not  
spontaneous) switching c y c l e  from high t o  low impedance could be t r i g -  
gered by l i g h t  from a f luorescent  lamp, although vol tage  t r a n s i e n t s  
from the  lamp could possibly be a f a c t o r  here as w e l l .  The spontaneous 
switching w a s  s i m i l a r l y  e f f ec t ed ,  and i n  f a c t  could be accomplished 
w i t h  lower appl ied  vol tages  than i n  t h e  normal case. 

The forming and switching e f f e c t s  uncovered i n  these experi-  
ments appear t o  be genera l ly  observed i n  the  gold-s i l icon  monoxide- 
gold diodes made i n  our  l abora to r i e s .  To our knowledge they have not 
been observed w i t h  these ma te r i a l s  elsewhere and o t h e r s  have made 
s i m i l a r  d iodes but  w i t h  gene ra l ly  th i cke r  f i lms  without observing these  
e f f e c t s  ( r e f  5 ) .  Accordingly it appeared worthwhile t o  examine these  
e f f e c t s  f u r t h e r  and t o  t r y  t o  understand t h e i r  o r i g i n s  w i t h  a view 
toward e l imina t ing  them. 

Returning t o  the  low re s i s t ance  diodes,  an examination of 
t he  vol tages  required f o r  t h e  forming process as a func t ion  of t he  
th ickness  of t he  in su la t ing  l a y e r ,  measured in t e r f e romet r i ca l ly  on a 
cont ro l"  microscopic s l ide,  l e d  immediately t o  t he  conclusion t h a t  

t he  vol tages  and thicknesses  w e r e  bas i ca l ly  l i n e a r l y  related ( f i g .  3). 
The forming took place i n  an e lectr ic  f i e l d  of about 2 .5  x lo5 V/cm 
as c a l c u l a t e d  from the  s lope of the b e s t  s t r a i g h t  l i n e .  This  value of 
f i e l d  s t r eng th  is  l a r g e r  than tha t  assoc ia ted  wi th  the  d r i f t  of r e l a t i v e -  
l y  mobile ions  i n  s o l i d s ,  for example 6 x lo4 V/cm i n  the case of 
l i t h i u m  d r i f t  i n  s i l i c o n  (ref 6 ) .  This  suggests  t h a t  a r e l a t e d  cause 
might be opera t ing  here .  The ac tua l  values  of t he  formed and unformed 
r e s i s t a n c e s  var ied  considerably from diode t o  diode, but t y p i c a l  per- 
formance would be demonstrated by a diode with an i n i t i a l  r e s i s t ance  
of 20 ohms and a formed r e s i s t ance  of 10 ohms. The forming process rep- 
r e s e n t s  a permanent change i n  the  diode, and once a diode is formed, i t s  
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low re s i s t ance  p e r s i s t s  i r r e spec t ive  of t he  d i r e c t i o n  of the  appl ied  
vol tage.  Of the  diodes formed, many gave ohmic behavior a f t e r  forming 
and w e r e  obviously not tunnel  emitters. The remainder were nonl inear  
but genera l ly  not s u f f i c i e n t l y  s t a b l e  e l e c t r i c a l l y  over s eve ra l  decades 
of cur ren t  t o  be use fu l .  Only a very few appeared t o  be f i e l d  emi t t ing .  

Examination of t he  da ta  obtained from the  high r e s i s t ance  
diodes showed no obvious c o r r e l a t i o n  between insu la t ing  l aye r  thickness ,  
th reshold  voltage f o r  switching, and ac t ive  a rea  of the  diode de l inea ted  
by the  over lap  of the  e l ec t rodes ,  In these  experiments t he  a reas  w e r e  

4 mm , 1 mm , and 0.25 mm . Although the  forming phenomenon discussed 
above was never observed on diodes of the smallest  area,  the  switching 
phenomenon was observed t o  occur on diodes of a l l  a reas .  Also, though 
t h e  high r e s i s t ance  diodes could apparently be switched on and off  re- 
peatedly,  it was soon not iced t h a t  diodes t h a t  had been switched many 
t i m e s  changed co lor  over t he  a c t i v e  area,  from gold t o  pink. Micro- 
scopic  examination during switching showed the  progressive formation of 
granules  from what had been a smooth gold f i lm.  Eventually t h e  granu- 
l a t i o n  proceeded so  far  t h a t  e l e c t r i c a l  conduct ivi ty  along the  gold 
f i lm  was destroyed. Random s c i n t i l l a t i o n s  over t h e  a c t i v e  a rea  were 
a l s o  observed i n  t h e  dark, which seemed t o  correspond t o  the spontaneous 
switching seen i n  the curve t r a c e r .  In a t yp ica l  example, s c i n t i l l a -  
t i o n s  of approximately w h i t e  l i g h t  appeared a t  a th reshold  of 19 V f o r  
a 750 8 s i l i c o n  monoxide in su la t ing  layer .  A s  t he  vol tage across  t h e  
f i l m  was increased t o  25 V, the  l i g h t  changed t o  blue.  H e r e  the  lumines- 
cence gradual ly  moved t o  the  edges of the diode a c t i v e  area and u l t imate-  
l y  r e s u l t e d  i n  the extensive vaporizat ion of the  metal f i lms  u n t i l  they 
were discontinuous i n  t h i s  region. 
served as the  subs t r a t e  f o r  the  diodes was turned over,  the same e f f e c t s  
w e r e  observed a t  the  glass-metal  i n t e r f ace .  

2 2 2 

When t h e  microscope slide,which 

A diode t h a t  had not yet  been switched was examined a t  750X f o r  
de fec t s  r e s u l t i n g  from f a b r i c a t i o n  or aging t h a t  might start the  switching. 
Only a few random dark spo t s  about 1 p i n  diameter were v i s i b l e ! w i t h i n  
the  a c t i v e  a rea ,  but dark whiskers about 10 ~1 i n  length  were seen a t  t h e  
edges. These observat ions are s i g n i f i c a n t  f o r  i n t e r p r e t i n g  the  s e r i e s  
of photomicrographs of t he  medium area diode ( 1  mm2 a c t i v e  area)  a f t e r  
s eve ra l  s t ages  of switching shown i n  f i g u r e s  4 t o  7. Figure 4 shows a 
diode a c t i v e  a rea  before switching with r e l a t i v e l y  smooth f i lms  apparent.  
The edges a r e  d i f fuse ,  because of the t ape r  produced i n  the c ross  sec t ion  
by t h e  masking procedure descr ibed e a r l i e r ,  and present  a r a t h e r  spongy 
appearance, becoming t ransparent  as one moves outward from the  cen te r .  
Figure 5 shows the  r e s u l t s  of preliminary switching a t  low vol tages  (ca .  
1 v o l t ) .  S l i g h t  granula t ion  appears i n  the  cen te r  of the  ac t ive  area,  but 
t he  main a t t a c k  on the  e l ec t rode  i s  a t  t he  edge. Figure 6 shows a diode 
a f t e r  ex tens ive  switching, with s c i n t i l l a t i o n s  observed a t  vol tages  up 
t o  25 V, a t  which point  one lead  t o  one of the  me ta l l i c  f i l m  e l ec t rodes  
burned out .  Granular s t r u c t u r e  now covers the  e n t i r e  a c t i v e  a rea ,  and 
al though not c l e a r l y  shown i n  the  photomicrograph, whiskers  populate 
the  edges. Figure 7 shows the  diode a f t e r  even more switching and here 
the  e f f e c t s  are even more extreme fea tur ing  a f i n e r ,  denser granula t ion .  
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This  discussion is reminiscent of work done a t  Stanford Universi ty  i n  
connection with the system nickel-nickel  oxide-nickel.  A s i m i l a r  
switching phenomenon appears there  and it was a t t r i b u t e d  t o  the  forma- 
t i on ,  under the inf luence of the  appl ied e l e c t r i c  f i e l d ,  of filamen- 
t a r y  metal bridges between the  e l ec t rodes  ( r e f  7 ) .  This would switch 
the  diode on, and high cur ren t  passed a t  a l a t e r  t i m e  would thermally 
destroy the  fi lament t o  switch the  diode o f f .  Such a mechanism 
appl ied t o  the gold-s i l icon  monoxide-gold diodes discussed here  would 
expla in  many of the  e f f e c t s  observed. 

In  a recent  paper, Pollack, Freitag; and Morris ( r e f  8 )  have 
observed somewhat d i f f e r e n t  e f f e c t s  i n  t h i n  f i l m  diodes t h a t  may be 
r e l a t e d  t o  the phenomena observed here .  I n  t h e i r  work, lead-aluminum 
oxide-lead diodes were changed from very high t o  l o w  r e s i s t ances  by 
v i r t u e  of a pos i t ive  ion ic  space charge, which d r i f t e d  toward t h e  
cathode i n  an appl ied  f i e l d  of 3 x 106 V/cm. 
t i o n a l ,  i .e.,  t he  diode was polar ized t o  conduct i n  one d i r e c t i o n  
only--a polar iz ing  vol tage i n  the  opposi te  d i r e c t i o n  w a s  requi red  to  
insure  high reverse  conduct ivi ty .  Because of t he  very l a rge  r e s i s t a n c e  
changes observed by these  authors ,  t h e i r  observat ions a r e  most e a s i l y  
compared w i t h  the  behavior of our high r e s i s t a n c e  diodes.  The la t te r  
d i f f e r e d  s i g n i f i c a n t l y  i n  t h a t  they formed b i d i r e c t i o n a l l y ,  i .e.,  con- 
duction i n  both d i r e c t i o n s  was enhanced by a s i n g l e  pol ing i n  e i t h e r  
d i r ec t ion .  Whereas the  diodes of Pollack e t  a 1  had nonl inear  cur ren t -  
vol tage curves, our diodes had l i n e a r  current-vol tage curves,  symmetri- 
cal  about the o r i g i n  a t  a l l  t i m e s .  T h i s  symmetry is shown i n  the  curves 
of f igu re  8, which have been made t o  go through the  o r i g i n  by the  appl i -  
ca t ion  of a s m a l l  d-c b i a s  t o  the  diode under test i n  the  curve tracer. 
This  f i g u r e  shows seve ra l  states of intermediate  r e s i s t a n c e  f o r  a 
s i n g l e  diode, which were induced by the  switching of a f luorescent  lamp 
near  t he  test specimen. The diodes of Pol lack e t  a1 gave rise to 
measurable a f t e r - cu r ren t s  upon the  spontaneous r e l axa t ion  of po lar iza-  
t i o n  when the vol tage w a s  removed. Our diodes produced no such a f t e r -  
cu r ren t s  . 

The e f f e c t  w a s  un id i rec-  

3.3 Organic Thin Films 

Following a repor t  i n  the  l i t e r a t u r e  ( r e f  9) t o  the  e f f e c t  
t h a t  tunnel-emitt ing sandwiches could be made with polymeric i n s u l a t i n g  
layers ,  a small e f f o r t  was devoted t o  the  formation of t h i n  f i lms  of 
polyvinyl formal. Organic t h i n  f i lms  may be deposi ted onto a s u b s t r a t e  
i n  a v a r i e t y  of ways, but t he  s i m p l e s t  method, and t h a t  chosen f o r  
these preliminary experiments, cons is ted  i n  preparing a d i l u t e  s o l u t i o n  
of a high molecular-weight grade of polyvinyl formal i n  chloroform, 
dipping a su i t ab ly  cleaned microscope s l i d e  i n t o  t h i s  so lu t ion ,  and 
then gradual ly  withdrawing the  s l i d e  from the  so lu t ion ,  leaving i t s  
sur face  coated w i t h  a l i q u i d  f i lm  of the  polymer so lu t ion .  Upon 
evaporat ion of the so lvent ,  a t h i n  s o l i d  polymer f i l m  remained. Reason- 
ab le  precautions were taken i n  performing these  experiments. The 
s l i d e s  were withdrawn from the  so lu t ion  by a motor-driven device,  which 
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1334-63 
Figure 8. Current-voltage characteristic of a switching diode showing several 

bidirectional resistance states. Vertical scale = 20p Aldiv. 
Horizontal scale = 0.2 Vldiv. 



provided uniform withdrawal r a t e s  of from 25 t o  375 mm per  minute. 
The so lu t ion  w a s  placed i n  a g l a s s  cy l inder  200 mm t a l l  and 63 mm i n  
diameter f i l l e d  t o  only about 75 mm from the  bottom so t h a t  t he  l i q u i d  
surface was somewhat protected from a i r  turbulence.  The so lu t ions  
were pressure f i l t e r e d  i n t o  the  cy l inder  through g l a s s  f r i t  f i l t e r s  
immediately before  use,  t o  remove dus t .  Within the  range of withdrawal 
r a t e s  quoted, t h e  f i lm th ickness  was a t  bes t  a slowly varying func t ion  
of r a t e .  
used. The f i lms  were allowed t o  d r y  f o r  s eve ra l  hours i n  a c lean  a i r  
hood and were then baked overnight between 400 and 5OoC t o  dr ive  o f f  the  
bulk of the  r e t a ined  so lvent .  

In  m o s t  of our experiments, a rate of 75 mm p e r  minute was 

I 20 

The f i l m s  made i n  the  manner descr ibed presented a uniformly 
good appearance although, desp i t e  t he  precaut ions taken, dust  inc lus ion  
was s t i l l  a problem. The f i lm  th ickness  w a s  almost e n t i r e l y  determined 
by the  concentrat ion of the  polymer i n  the  s o l u t i o n ;  f i lms  approximately 
100 2 t h i c k  were deposited from so lu t ions  containing 1/2 gram of poly- 
v inyl  formal i n  100 m l  of chloroform so lu t ion .  However a t  any one con- 
cen t r a t ion ,  t h e  spread of thicknesses  w a s  considerable  and could range 
from 50 t o  100 A a t  t h e  concentrat ion quoted above. The cause of t h i s  
v a r i a b i l i t y  has  not  been inves t iga ted .  Attempts t o  measure the th ickness  
of these  fi lms in t e r f e romet r i ca l ly  revealed a not e n t i r e l y  unexpected 
d i f f i c u l t y .  The leading edge of  t h e  f i lms  showed the  formation of a l i p ,  
which protruded w e l l  above the  top  of the  f i l m  t h a t  followed it i n  
formation. A t y p i c a l  example is  shown i n  the  upper interferogram of 
f i g u r e  9. 
mediately a f t e r  t he  l i p  is  formed, the  f i l m  commences with a th ickness  
of 255 8. 
caused by solvent evaporat ion from the  su r face  p r i o r  t o  the  withdrawal 
of the  microscope sl ide-substrate.  In  t h e  f i r s t  experiments, t he  f i l m  
th ickness  was measured between the  s u b s t r a t e  and the  opposi te  s i d e  of 
t h e  l i p ,  but c lose  examination of many interferograms indica ted  t h a t  
the f i lm  thickness,  a f t e r  passing through a minimum a f t e r  t h e  l i p ,  
seemed t o  increase gradual ly  t o  a somewhat l a r g e r  value f u r t h e r  on. 
To examine t h i s  p o s s i b i l i t y ,  a mechanical device w a s  b u i l t  t h a t  would 
cut  a notch sharp ly  through the  f i l m  but not through the  subs t r a t e .  
The device, shown i n  f i g u r e  10, employed an aluminum blade t o  make the  
c u t .  The blade was s o f t e r  than the  g l a s s ,  but harder  than t h e  f i lm.  
The r e s u l t s  of such a cu t  through the  f i l m  discussed above are shown 
i n  the  lower interferogram of f i g u r e  9.  H e r e  it is  apparent t h a t  a 
w e l l  defined notch was indeed obtained, bu t  t h a t  t he  f i lm  th ickness  now 
had increased t o  557 8. Needless t o  say, a v a r i e t y  of experiments wa.4'3 
performed t o  make c e r t a i n  t h a t  t h i s  c u t  d i d  not extend i n t o  the  s u b s t r a t e .  
There is now no reason t o  be l ieve  t h a t  t he  notching method does not 
y i e l d  a r e l i a b l e  f i lm th ickness  o r  t h a t  t h e  f i l m  i s  not  t h i cke r  a t  its 
center  than a t  i ts leading edge. 

0 

Here, the  l i p  rises 671 8 above the  subs t r a t e ,  whereas i m -  

The l i p  has i t s  o r i g i n  i n  a s l i g h t  enrichment of the  s o l u t i o n  

Several groups of diodes were made w i t h  vacuum-deposited gold 
e l ec t rodes  and polyvinyl formal f i l m s  roughly 100 2 t h i ck .  
these  diodes the  same procedures were used t o  insure  a smooth lower 
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Figure 9. Multiple beam interferograms of organic films deposited from solution. 

Upper: leading edge of film. Lower: notch cut through main part of film. 
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e lec t rode  a s  were used i n  making the gold-s i l icon  monoxide-gold diodes 
descr ibed e a r l i e r  ( s e c t  3.2). Nevertheless these  diodes a l l  presented 
shor t  c i r c u i t s .  Accordingly the  e l e c t r i c a l  problem was examined i n  
g r e a t e r  d e t a i l .  S t a r t i n g  wi th  a f resh  sample of polyvinyl fo rma l* ( i . e . ,  
Formvar 15/95S), four  groups of e ight  diodes each were prepared, wi th  
thicknesses  of polymer ranging from about 50 8 t o  550 8 from group t o  
group. A l l  of t he  diodes made i n  these experiments exh ib i t ed  s h o r t  
c i r c u i t s ,  It w a s  then thought t h a t  a l i k e l y  source of t h e  t rouble '  
res ided  i n  the  choice of chloroform a s  a solvent ,  inasmuch as the  more 
successfu l  diodes reported i n  the  l i t e r a t u r e  had been prepared from 
dioxane so lu t ions .  The reasoning behind t h i s  w a s  elementary: chloro- 
form being a ch lor ina ted  solvent  and s t r u c t u r a l l y  d i s s i m i l a r  toxthe 
oxygenated polymer could wel l  be expected t o  form a so lu t ion  i n  which 
the  polymer chains  were t i g h t l y  co i led  (f .e ., l o w  polymer-solvent i n t e r -  
ac t ion)  and l i k e l y  t o  form a discontinuous f i l m  a t  these  thicknesses .  
Dioxane, being an oxygenated solvent would be more l i k e l y  t o  form a 
s o l u t i o n  w i t h  more extended chains .  Such solvent  e f f e c t s  are w e l l  known 
i n  polymer chemistry ( re f  10). Accordingly subsequent experiments were 
performed with dioxane so lu t ions .  A so lu t ion  1.6 gm of polyvinyl ' formal  
i n  100 m l  dioxane gave a 1000 1 i n su la t ing  f i l m  a t  a withdrawal r a t e  of 
100 mm per  minute. Four groups of e i g h t  diodes each were prepared with 
th icknesses  of polymer ranging from about 125 2 t o  1000 8 from group t o  
group. Despite the change i n  solvent,  a l l  of these diodes exh ib i t ed  
s h o r t  c i r c u i t s .  Accordingly a f i n a l  experiment was performed i n  which 
the  rate of withdrawal of the  subs t r a t e  from the  dioxane solution-;was 
d r a s t i c a l l y  reduced, t o  17 mm p e r  minute, o the r  condi t ions  remaining un- 
changed.' The 32 diodes made . i n  thi&*manner' a l s o  exh ib i t ed  shb r t  c i r c u i t s .  One 
i s  r e l u c t a n t l y  forced t o  the  conclusion t h a t  sho r t  c i r c u i t s  a r e  charac- 
t e r i s t i c  of gold-polyvinyl formal-gold diodes prepared under the  condi t ions  
of these  experiments. 

The diodes reported i n  the l i t e r a t u r e  had, i n  f a c t ,  been 
prepared with a chromium lower e lec t rode ,  a polyvinyl formal i n s u l a t i n g  
l aye r ,  and a gold counter e lec t rode .  W e  have avoided the  use of t he  
chromium because chromium is known t o  grow an oxide l a y e r ,  and t h i s  may 
make an important and unknown cont r ibu t ion  t o  the  i n s u l a t i n g  l a y e r .  How- 
ever ,  i n  view of our i n a b i l i t y  t o  develop s a t i s f a c t o r y  in su la t ing  f i lms  ' 

i n  t he  experiments above, i t  was des i rab le  t o  examine the  chromium- 
polyvinyl  formal-gold system. Accordingly one group of e i g h t  diodes of 
t h e  l a t t e r  composition were prepared w i t h  125 w polyvinyl formal l a y e r s .  
A l l  of these  diodes exh ib i t ed  measurable r e s i s t a n c e s  and, i n  f a c t ,  some 
of them exh ib i t ed  r a t h e r  high r e s i s t ances .  Four of the  e i g h t  diodes 
w e r e  measured and the  following r e s i s t ances  obtained:  2,400 ohms, 
3,600 ohms, 4,800 ohms, and 10,000 ohms. The vol tage-current  curves 
f o r  these diodes were l i n e a r  ( i n  cont ras t  t o  those reported i n  r e f  9) 
s o  t h a t  tunnel ing and/or thermionic emission w a s  not the  conduction 
mechanism involved here .  Strangely enough the  diodes of smallest area 
exh ib i t ed  the  lowest r e s i s t ances ,  and those of l a r g e s t  a r ea  exh ib i t ed  
t h e  l a r g e s t  r e s i s t ances .  This is cont ra ry  t o  what one would expect .  I f  
one c o r r e c t s  t h e  r e s i s t ances  given above t o  the  r e s i s t a n c e s  t h a t  would 
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be exh ib i t ed  by i d e n t i c a l  diodes, one square centimeter i n  a r e a  (i.e.,  
t o  a " spec i f i c  diode res i s tance") ,  one ob ta ins  t h e  r e spec t ive  va lues  
20.6 ohms, 75.6 ohms, 146 ohms, and 382 ohms. 

Clearly diodes made wi th  chromium lower e l e c t r o d e s  are d i f -  
f e r e n t  from those made wi th  gold lower e l ec t rodes .  The s h o r t  c i r c u i t s  
ob ta ined  i n  the  l a t te r ,  and not  i n  t h e  former, may be explained on t h e  
b a s i s  of gold from t h e  counter e l ec t rode  pene t r a t ing  t h e  polymer f i l m  
i n  both cases  and the  oxide l a y e r  on the  chromium preventing s h o r t  
c i r c u i t s  i n  the  former case. T h i s  does not exp la in  why our  cu r ren t -  
vo l tage  c h a r a c t e r i s t i c s  a r e  l i n e a r  whereas those of t h e  l i t e r a t u r e  are 
nonl inear .  Neither does it  exp la in  the  wide v a r i a t i o n  of s p e c i f i c  
diode r e s i s t ances  obtained w i t h  t h e  chromium-polymer-gold diodes.  

I n  view of t h e  d i f f i c u l t i e s  experienced wi th  polymer f i l m s  
depos i ted  from so lu t ion ,  a p a r a l l e l  approach t o  t h i s  problem w a s  
i n i t i a t e d  whereby polymer f i l m s  could be depos i ted  photochemically 
from a vapor phase cons i s t ing  predominantly of monomer ( r e f  11). Such 
an approach is a t t r a c t i v e  because it is  recognized t h a t  when polymer 
f i l m s  are formed from so lu t ion ,  they experience a l a rge  decrease  i n  
volume during the  evaporation of t h e  so lven t .  I f  the  polymer network 
cannot completely accommodate a l l  of t h i s  shrinkage, a somewhat porous 
s t r u c t u r e  w i l l  almost c e r t a i n l y  r e s u l t .  A polymerization from t h e  
vapor phase would obvia te  t h i s  d i f f i c u l t y  because t h e  polymer f i l m  
could, by s u i t a b l e  choice of monomer, be made t o  form i n  s i t u  i n  t h e  
absence of a so lvent  phase. Accordingly, a gas-handling s y s t e m  was 
cons t ruc ted  i n  which experiments on the  photochemical depos i t i on  of . 
polymer f i lms  could be performed during the  per iod  repor ted  here. An 
ASA code H4AB mercury vapor lamp w a s  used as a source of r a d i a n t  energy. 
This  i s  a 100-watt lamp, not  of t h e  high pressure  v a r i e t y ,  w i t h  an 
inner  q u a r t z  jacket and an o u t e r  glass  jacket. The l a t t e r  w a s  removed 
so t h a t  the s p e c t r a l  l i n e s  i n  t h e  u l t r a v i o l e t  were a v a i l a b l e .  The 
lamp w a s  loca ted  a t  one focus of a c y l i n d r i c a l  aluminum mi r ro r  of e l -  
l i p t i c a l  c ross  sec t ion .  A q u a r t z  r e a c t i o n  tube w a s  placed a t  t h e  o t h e r  
focus.  The major a x i s  of t he  e l l i p s e  w a s  300 mm long, i t s  minor axis 
200 mm long, and t h e  he igh t  of t h e  cy l inde r  w a s  200 mm. The r e a c t i o n  
tube w a s  38 mm i n  diameter. This  p a r t  of the system w a s  inc losed  i n  
a l i g h t - t i g h t  box. Methyl  methacrylate w a s  chosen as a s u i t a b l e  mOnQmer 
f o r  the  f i r s t  experiments and t h e  system w a s  put i n t o  ope ra t ion  j u S t  
before the  c lose  of the per iod  repor ted  here. The very f e w  runs  t h a t  
have been made do indeed show t h a t  polymer f i lms ,  approximately 100 2 
t h i c k  can be formed on g l a s s  s u b s t r a t e s .  However w e  have not  had t i m e  
enough t o  study the  process i n  d e t a i l  and the f i l m s  made so f a r  haye 
not  been of the  bes t  q u a l i t y .  In  p a r t i c u l a r ,  no attempt has  y e t  been 
made t o  separa te  t he  near  u l t r a v i o l e t  s p e c t r a l  l i n e  a t  2537 2, u s e f u l  
i n  polymerization, from the  l i n e  a t  1849 8, which is  known t o  degrade 
polymers. Consequently no meaningful e l ec t r i ca l  p r o p e r t i e s  have ye t  ' 

been measured on such f i lms  i n  our l a b o r a t o r i e s .  C l e a r l y  t h e r e  are 
many f u r t h e r  experiments t h a t  could u s e f u l l y  be done i n  connection'with 
polymer f i lms .  
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3.4 Film-Thickness and E l e c t r i c a l  Measurements 

The mul t ip le  beam interferometer  f o r  measuring the  th ickness  
of t h i n  s o l i d  f i l m s  was l a rge ly  completed during the  repor t  per iod 
preceding the present  one and has been i n  cont inua l  use s ince  then. 
Some refinements have been made i n  t h i s  instrument,  which have i m -  
proved i t s  performance. The s tage  in te r fe rometer  has  been completely 
r e b u i l t  along the  l i n e s  suggested in t h e  previous repor t  and i n  i t s  
present  form is  shown i n  f igu re  11. The o p t i c a l  f l a t  is held i n  a 
r i g i d  yoke. 
screws, which pass through matching holes  i n  the  yokes a s  the  f l a t  1s 
brought i n  contac t  with the specimen. When contac t  i s  made, the  yoke 
is  secured t o  the  d i f f e r e n t i a l  ad jus t ing  screws by nylon-tipped set 
screws. The f i n a l  adjustment is made by the d i f f e r e n t i a l  screws, 
shown i n  c ros s  sec t ion  i n  f i g u r e  12 .  In  t h i s  design the  motion of the  
boss r e l a t i v e  t o  the  base is cont ro l led  by the  common r o t a t i o n  of a 
4 - 48 thread through the  formerand a 2 - 56 thread i n t o  the l a t t e r .  
The d i f f e r e n t i a l  motion so produced corresponds t o  almost exac t ly  
0.003 in .  per tu rn .  A pin i n  the assembly prevents t h e  boss from r o t a t -  
ing when a yoke is  not a t tached.  The knurled heads o r  caps a r e  keyed 
t o  the  double-threaded s h a f t  and rise and f a l l  w i t h  the boss r a t h e r  
than the  s h a f t .  

I t  i s  guided by t h e  smooth bosses of t h e  three  d i f f e r e n t i a l  

A s  i s  shown i n  f igu re  11, the s t age  in te r fe rometer  is pre- 
s e n t l y  equipped with a conventional 2-in. diameter o p t i c a l  f l a t ,  which 
has  been given a highly r e f l e c t i v e  d i e l e c t r i c  coa t ing .  An attachment 
i s  a l s o  ava i l ab le  whereby t h i s  large f l a t  can be replaced by a small  
o p t i c a l  f l a t ,  s i m i l a r l y  coated, and cu t  from a f l a t  a rea  of a micro- 
scope slide. This  f l a t  i s  only 9/16 in .  i n  diameter and assures  a c lose  
approach t o  the specimen under examination, even i f  t h e  l a t t e r  is  
somewhat warped, a s  sometimes happens. In  t h i s  event the  l a rge  f l a t  
o f t e n  cannot be c lose  enough t o  the specimen f o r  formation of the  sharpes t  
i n t e r f e rence  f r inges .  Because of the  somewhat smoother sur face  of t h e  
f i r e  pol ished f l a t  compared wi th  t h a t  of t h e  l a rge  mechanically pol ished 
f l a t ,  somewhat smoother in te r fe rence  f r i n g e s  a r e  obtained with it than 
wi th  the  l a r g e r  f l a t .  

The s m a l l  f l a t s  are c u t  from microscope s l i d e s ,  precoated t o  
our  s p e c i f i c a t i o n s  by an outs ide  concern. T h i s  arrangement avoids 
having the  con t r ac to r  handle very s m a l l  p ieces  of g l a s s  i n  h i s  coa t ing  
opera t ion ,  but it a l s o  r equ i r e s  de l i ca t e  handling of t he  coated s l i d e s  
during the  c u t t i n g  of the  f l a t  port ions.  Equipment has  been constructed 
f o r  c u t t i n g  the  s m a l l  o p t i c a l  f l a t s  w i t h  minimum damage to  the  dielec- 
t r i c  coat ing.  In  t h i s  equipment, shown i n  f igu re  13, the  microscope 
s l i d e  is he ld  between two opposed, rubber-faced p l a t ens  and r o t a t e d  
Slowly beneath the  small nozzle of a g r i t  b l a s t i n g  machine. After  t k e  
c i r c u l a r  s ec t ion  is cu t ,  the  platens a r e  c a r e f u l l y  separated and the  
f l a t  is  immersed i n  a beaker of methylene ch lor ide .  Some of the  g r i t  
from the  c u t t i n g  operat ion i s  unavoidably a t t r a c t e d  t o  the  f aces  of t h e  
f l a t  by s t a t i c  charge but  i s  safe ly  dislodged when ul t rasound is passed 
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Figure 12. Cross section of d i f f e r e n t i a l  adjust ing screw shown 
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through the  methylene ch lor ide .  The f in i shed  f l a t  is then waxed onto 
a chrome p la ted  cup ( f i g .  11) and attached t o  an appropriate  yoke f o r  
manipulation i n  the  stage interferometer.  Although such f l a t s  a r e  
capable of forming somewhat smoother in te r fe rence  f r i n g e s  than mechani- 
c a l l y  polished f l a t s ,  those of the  former which w e  have made do not 
represent  the  u l t imate  i n  t h i s  regard t h a t  one might des i r e .  Apparently 
even our e labora te  c u t t i n g  procedure produces some very  s u p e r f i c i a l  
sc ra tch ing  of the  d i e l e c t r i c  coat ing although t h i s  does not appear t o  be 
ser ious .  
been successfu l ly  measured. Figure 14  shows a set of in te r fe rence  
f r inges ,  made w i t h  such a f l a t ,  t ravers ing  the  edge of a s i l i c o n  
monoxide f i lm,  93 8 th ick .  
be indicated by remarking t h a t  when two experimenters measured t h i s  
s tep ,  one obtained a f i l m  thickness  of 91.2 R and the  o the r  93.2 %. 
f i g u r e s  are averages derived from four  f r i n g e s  i n  the  interferogram. The 
s t e p  was w e l l  de l inea ted  and i n  l e s s  favorable cases  it w i l l  not always 
be poss ib le  t o  obta in  t h i s  precis ion.  

With t h i s  type of f l a t  f i lm thicknesses  a s  small a s  50 8 have 

The reproducib i l i ty  of the measurement may 

These 

A t  t h i s  point ,  t h e  mult iple  beam.interferometer i s  l a rge ly  a 
f in i shed  task .  Since f i lms  th inner  than the  50 2 one are i n  prospect,  
it might be p ro f i t ab le ,  however, t o  improve the  f l a t - c u t t i n g  process 
i n  regard t o  the  removal of the cu t  f l a t  from the  c u t t e r  s ince  t h i s  is 
where the scra tch ing  appears to occur. A more in t r igu ing  prospect is 
the  adaptation of t h e  new B r i t i s h  f l o a t  process g l a s s  t o  use as o p t i c a l  
f l a t  mater ia l .  T h i s  g l a s s ,  which is  s o l i d i f i e d  aga ins t  a molten t i n  
sur face  during manufacture, combines a f l a t n e s s  approaching pol ished 
p l a t e  w i t h  a smoothness equal t o  t h a t  of f i r epo l i shed  sheet .  F loa t  
process g l a s s  is not y e t  i n  production i n  the  U.S.A.; however, w e  have 
been presented w i t h  a sheet  from p i l o t  p lan t  production by one of t he  
la rge  g l a s s  manufacturers. This  may be examined i n  t h e  near fu tu re .  

Optical  hardware i s  being assembled t h a t  w i l l  allow the  
in te r fe rometer  to  f o r m  f r i n g e s  of equal chromaticity,  i f  the  need f o r  
these should arise. 

The e l l ipsometer  ordered b y  HDL d id  not a r r i v e  u n t i l  the  end 
of Ju ly .  In the  meantime, work had been c a r r i e d  forward on one of t he  
NBS instruments on a part-time bas i s ,  Over and above the  complexities 
r e s id ing  i n  t h i s  o p t i c a l  thin-f i lm thickness measurement, unant ic ipated 
d i f f i c u l t i e s  w e r e  encountered when vacuum-deposited t h i n  f i lms  were 
examined. Espec ia l ly  with vacuun-deposited aluminum f i lms,  and t o  a 
lesser ex ten t  w i t h  vacuum-deposited gold f i lms ,  a s i g n i f i c a n t  p a r t  of 
t he  r e f l e c t e d  beam appeared t o  be depolarized. This  e f f e c t  was worse 
a t  l a rge  angles  of incidence. With gold and a t  moderate angles  of 
incidence,  reasonable n u l l  balances could be obtained on t h e  e l l i p s -  
ometer, depolar iza t ion  notwithstanding. In  experiments with aluwinuw 
oxide f i lms  grown on vacuum-deposited aluminum, the  l i t e r a t u r e  values  
f o r  t he  o p t i c a l  cons tan ts  of the  base metal were of necess i ty  used i n  
t he  th ickness  computations. The resul ts  were absurd and it is pa infu l ly  
apparent t h a t  the  o p t i c a l  cons tan ts  of metallic aluminum are so s e n s i t i v e  
to t h e  condi t ions  of preparat ion tha t  8 "best" l i te ra ture  value w i l l  not ,  
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i n  general ,  s u f f i c e .  Emphasis was s h i f t e d  t o  gold, where the  o p t i c a l  
cons tan ts  of the  metal f i lm can be determined d i r e c t l y .  S i l i c o n  
monoxide was vacuum deposited over the gold.  This system can be 
measured both by the  e l l ipsometer  and the  interferometer .  H e r e  the  
values  f o r  the  o p t i c a l  constants  of the  metal were reasonable although 
not every f i l m  agreed c lose ly  with the l i t e r a t u r e  value. Even so the  
thicknesses  of the  s i l i c o n  monoxide f i lms  ca l cu la t ed  therewith were i n  
serious disagreement with the  in te r fe rometr ic  values.  The most l o g i c a l  
explanat ion f o r  t h i s  e f f e c t  would be t h a t  t h e  gold f i lms  were s t r a i n e d  
when f i r s t  deposi ted and were p a r t i a l l y  annealed during t h e  subsequent 
s i l i c o n  monoxide deposi t ion.  Thus the  o p t i c a l  constants  measured f o r  
gold were no longer appropriate  a f t e r  t h e  second deposi t ion.  Separate  
experiments on vacuum-deposited gold f i lms  alone showed t h a t  the  o p t i c a l  
p rope r t i e s  do indeed change on heat t reatment .  

Clear ly ,  f u r t h e r  experiments on annealed gold f i lms  a r e  
ind ica ted .  Inasmuch a s  these  would have been t i m e  consuming and inasmuch 
as t h e  in t e r f e romet r i c  method now appeared t o  give the  accuracy requi red  
f o r  our  work, the  e l l ipsometer  experiments were subordinated t o  the  
making of go ld-s i l icon  monoxide-gold tunnel ing or  thermionic s t r u c t u r e s ,  
wherein th icknesses  were measured in te r fe rometr ica l ly .  

During t h i s  period, a t e s t  chamber was assembled t o  enable the  
e l e c t r i c a l  c h a r a c t e r i s t i c s  of tunneling s t r u c t u r e s  t o  be determined 
above and below room temperature, and i n  var ious  atmospheres, or more 
p a r t i c u l a r l y ,  i n  a vacuum. The chamber assembly c o n s i s t s  of a b e l l  jar, 
base p l a t e ,  and a mechanical pump. The tubing f o r  the  evacuat ion of the  
chamber as w e l l  as tha t  f o r  the  admission of gaseous ambients passes  
through the  base p l a t e  along w i t h  e l e c t r i c a l  connections and t h e  tubing 
f o r  the  c i r c u l a t i o n  of r e f r ige ran t  t o  the  f i x t u r e  t o  be described. The 
s u b s t r a t e  on which a set of 1 2  diodes has been deposited is  held i n  
p lace  on a copper heat  s ink  by spr ing f inge r s .  The temperature of the  
hea t  s ink  and diodes can be lowered by passing a r e f r i g e r a n t ,  usua l ly  
l i q u i d  n i t rogen ,  through the  copper tubing provided. This  tubing is 
formed i n t o  seve ra l  c lose  convolutions on the  reverse  s i d e  of the  hea t  
s ink  t o  which it i s  brazed. A thermocouple is provided t o  monitor the  
s u b s t r a t e  temperature.  Heaters can be incorporated t o  reduce the e f f e c t  
of t he  r e f r i g e r a n t  a t  temperatures not f a r  below room temperature or t o  
heat the  f i x t u r e  above room temperature. Electrical  connections t o  the  
diodes under test  can be made by micromanipulator probes or a multiprobe 
connector.  The former allow p a r t i c u l a r  a r eas  of a device t o  be probed. 
The l a t t e r  i s  connected t o  an ex terna l  switch box and permits  a l l  the  
diodes t o  be checked indiv idua l ly  during a s i n g l e  pumping cycle .  The 
tes t  chamber is shown i n  f i g u r e  15. I t  has not yet  been used i n  our 
experiments. 

In  the  performance of t h e  measurement of the  electrical  
c h a r a c t e r i s t i c s  of the l a rge  number of thin-f i lm diodes, ex tens ive  use 
w a s  made of conventional t r a n s i s t o r  curve t r a c e r s  because of t h e i r  con- 
venience and a v a i l a b i l i t y  a t  HDL. Although they  genera l ly  provide a 
measurement less elegant  than the  four-terminal method descr ibed earlier 
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Figure 15.  Test chamber for arrays of thin-film diodes. 



( r e f  12), under c a r e f u l l y  arranged condi t ions they can provide measure- 
ments t h a t  are b a s i c a l l y  as accurate as those from the  four-terminal 
method. Under less c a r e f u l l y  arranged condi t ions,  t he re  i s  indeed a 
s a c r i f i c e  of accuracy. For example, some aluminum-aluminum oxide-aluminum 
diodes were recorded a s  apparent ly  shorted ( r e s i s t ance  of the  order  of 
the lead  or me ta l l i c  layer r e s i s t ance )  i n  t h e  previous report ( r e f  13). 
In  t h a t  measurement double con tac t s  t o  each e l ec t rode  of t he  diode 
( c a l l e d  emitter and base i n  t h i s  discussion i n  analogy wi th  t rans is lor ' s )  
were t i e d  toge ther  and the  r e s i s t ance  determined from t h e  current-vol tage 
c h a r a c t e r i s t i c  as seen on a t r a n s i s t o r  curve t r a c e r .  During t h i s  period, 
a c l o s e r  look w a s  taken a t  f i v e  c lose ly  s i m i l a r  diodes, a l s o  apparent ly  
s h o r t  c i r c u i t e d  using s t r i c t l y  four-terminal methods, i .e.,  by simul- 
taneously measuring the  d i r e c t  current  through one p a i r  of emit ter-base 
te rmina ls  of t he  diode and t h e  open-circui t  vol tage across  the  o the r  
p a i r .  Resistance values ranged from 0.045 t o  5.65 ohms, as shown i n  
t a b l e  I .  This  ev ident ly  implies  the ex is tence  of some re s idua l  b a r r i e r  
th ickness  o r  a l t e r n a t i v e l y  a f i n i t e  number of f i lamentary s h o r t s  o r  
m e t a l l i c  br idges  i n  these  diodes.  

The necess i ty  f o r  accurate four-terminal methods, coupled wi th  
t h e  t i m e  involved i n  point-by-point measurements on nonl inear  diodes of 
l i m i t e d  s t a b l e  l i f e t ime ,  l e d  t o  the development of an equiva len t  th ree-  
terminal  method. This  technique i s  p a r t i c u l a r l y  s u i t e d  f o r  use wi th  a 
three- terminal  input  t r a n s i s t o r  curve tracer o r  t w o  single-ended input  
ampl i f i e r s  with a common ground. Br ie f ly ,  one can show t h a t  t h r e e  
separa te  vol tage measurements by t h i s  method a t  a constant  cu r ren t  y i e l d  
the  vol tage obtained from a four-terminal measurement a t  t h e  s a m e  cur- 
r e n t  l e v e l .  Th i s  i s  seen from f igu re  16, which dep ic t s  t he  equiva len t  
c i r c u i t  f o r  a metal-insulator-metal  diode of unknown re s i s t ance ,  R, w i t h  
double connections E t o  the  emi t te r  e l ec t rode ,  and B1, B2 t o  t h e  

base e l ec t rode .  The lead  o r  contact r e s i s t a n c e s  a r e  conveniently 
represented i n  paral le l ,  g iv ing  r f o r  t h e  base when B is shor ted  t o  

B2, and r 

E 1' 2 

1 1 

2'  f o r  the  emitter when E is shorted t o  E 2 1 

The method c o n s i s t s  i n  a l t e r n a t e l y  grounding the  double con- 
t a c t s  a t  one end and applying a constant cur ren t ,  I, i n t o  one of t he  
double con tac t s  a t  the  o the r  end, which determines t h e  open-circui t  
p o t e n t i a l  a t  the  remaining terminal.  Thus a p o t e n t i a l  V i s  measured 

wi th  t h e  c i r c u i t  as shown i n  f igure  16, and then with the  diode turned 
end f o r  end ( revers ing  E and B) t o  determine V2. F ina l ly ,  both double 
con tac t s  are shorted t o  y i e l d  V3. 

1 

The following equat ions e n s u e :  

V1 = (R + rl) I (1) 

V3 = (R + rl + r2 )  I (3) 
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Figure 16. Equivalent circuit for three-terminal method. R repre- 
represent lead '1) 'a eents unknown diode resistance. 

or contact resietancee in parallel when each double 
connection B1, B 2 and El, E2 is shorted. 
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By inspect ion one sees t h a t  equation 3 subt rac ted  from the  sum of 
equat ions 1 and 2 gives  the  p o t e n t i a l  V over the  unknown R i n  the  erlua- 
t ion  : 

v = v1 4- v2 - V3 = R I  (4) 

The equat ions obviously hold f o r  any value of cur ren t ,  I, 
thus permit t ing point-by-point measurements where V is determined by 
th ree  readings a t  each I value over a cur ren t  range. I t  is  a l s o  va l id ,  
however, t o  record by curve t r a c e r  o r  x-y p l o t t e r  t h ree  curve8 of 
V1, V2, and V versus I and by graphica l  add i t ion  and sub t r ac t ion  ob- 

t a i n  the  t r u e  I - V  c h a r a c t e r i s t i c  of a nonl inear  diode. The switching 
c i r c u i t  u t i l i z i n g  a t r a n s i s t o r  curve t r a c e r  shown i n  f i g u r e  17 was 
devised f o r  t h i s  purpose. Note t h a t  V is read before V1 and V2 f o r  

reasons not d i r e c t l y  obvious, i .e.,  i n  p r a c t i c a l  s t r u c t u r e s  the  contac t  
o r  lead  r e s i s t ances  are a l l  about the  same value,  making rl ry r2 and thus  

V1-V2. 

w i l l  sometimes e l imina te  the  need f o r  a t h i r d .  For example, a perusa l  
of equat ion 4 r evea l s  t h a t  contac t  r e s i s t a n c e s  a r e  neg l ig ib l e  a t  a 
given cur ren t  l e v e l  i f  V1 ( o r  V2) - V3. Similar ly ,  a diode is probably 

shorted i f  V The t h i r d  reading ( V  ) is f u r t h e r  com- 
p l i ca t ed  by &he f a c t  t h a t  here  the  diode, and, thus tge cur ren t  through 
it ,  is reversed. Therefore i n  measuring an asymmetrical o r  r e c t i f y i n g  

2' diode, t he  cur ren t ,  I, a s  wel l  a s s 2  must be reversed when reading V 

This is  e a s i l y  accomplished by  reversing the  c o l l e c t o r  vol tage i n  the  
curve t r a c e r  when taking t h i s  reading. Inc ident ly ,  it should be noted 
t h a t  t h i s  method enables  one t o  obta in  the  t r u e  I-V c h a r a c t e r i s t i c s  
of t r a n s i s t o r s  f ab r i ca t ed  with double base connection, f o r  example, 
by el iminat ing the  ohmic vol tage drop i n  the  base l aye r  and e f f e c t i v e l y  
contac t ing  the ac t ive  region. 

3 

3 

Therefore, a comparison of V1 with V i n  the  f i r s t  - two readings 
3 

(or V ) - 1/2 V3. 

3.5 Thin-Film Semiconductor Experiments 

The new masks, descr ibed i n  t h e  previous Progress Report, 
were used t o  deposi t  a matrix of 76 three- layer  f i lms  onto  a 3 by 1 in .  
g l a s s  s l i d e .  Since t w o  such s l i d e s  could be accommodated i n  the  com- 
bined mask changer-substrate holder ,  152 samples could be f ab r i ca t ed  
simultaneously. 

With these new masks a number of aluminum-cadmium su l f ide -  
gold deposi t ions were made and the  samples subsequently subjec ted  t o  
heat  treatment under vacuum. These sandwiches a r e  r e c t i f y i n g  and are 
forward biased when the  aluminum is  p o s i t i v e  wi th  respect t o  the  gold.  
Of samples heated i n  an oven w i t h  a 10°c temperature g rad ien t  (350' t o  
360OC) f o r  35 min, those a t  t he  36OoC end showed good r e c t i f i c a t i o n  
c h a r a c t e r i s t i c s ,  but on cont inuing along the s u b s t r a t e  toward t h e  350°C 
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end, they showed a gradual degradation of the  reverse  c h a r a c t e r i s t i c .  
When s imi l a r  s t ructures  were subjected t o  a similar hea t  t reatment ,  
but a t  a higher temperature (378 to  38$C), t h e  bes t  r e c t i f i c a t i o n  
c h a r a c t e r i s t i c  w a s  observed a t  the  cooler end ( 3 7 p  C) - - t ravel  toward 
the  h o t t e r  end (385OC) r e s u l t i n g  i n  a diminution of the  forward cur ren t .  
A good current-voltage c h a r a c t e r i s t i c  can be obtained from every aluminum- 
cadmium sulf ide-gold sandwich t h a t  is subjected t o  t h e  proper heat treat-  
ment. A current-voltage curve f o r  one of the  diodes under d iscuss ion  
appears i n  f igu re  18. The s e n s i t i v i t y  t o  hea t  t reatment  i n d i c a t e s  t h a t  
a compromise must be reached; t oo  l i t t l e  hea t  w i l l  r e s u l t  i n  a low 
reverse impedance, while too  much heat  r e s u l t s  i n  an increased forward 
r e s i s t ance .  

To s tudy the  r e s i s t i v i t y  of cadmium s u l f i d e  f i lms ,  24 deposi- 

Res is t iv i t ies  w e r e  ca l cu la t ed  both before  and a f t e r  
t i o n s  of the type gold-cadmium sulf ide-gold were made, y ie ld ing  76 
samples each t i m e .  
heat  treatment.  After heat  treatment m o s t  of t he  r e s i s t i v i t y  va lues  
f e l l  i n  t he  range 0.3 t o  3.0 x lo5 ohm-cm. Before hea t  t reatment  t h e  
value of r e s i s t i v i t y  w a s  of the  order  of 0.1 t o  1.0 ohm-cm and so an 
increase of about f i v e  o rde r s  has occurred during the  hea t  t reatment .  

X-ray d i f f r a c t i o n  pa t t e rns  of as-deposited and hea t - t rea ted  
cadmium s u l f i d e  f i lms  were made t o  determine i f  any f r e e  cadmium w a s  
present  i n  the  f i lms .  The X-ray ana lys i s  showed no de tec tab le  amount 
of f r e e  cadmium. Also, the  f i lms  were h ighly  o r i en ted  with the  basa l  
planes of hexagonal cadmium s u l f i d e  p a r a l l e l &  t o  the  s u b s t r a t e  sur face .  

The heated and nonheated cadmium s u l f i d e  f i lms  were s tud ied  by 
r e f l e c t i o n  e l ec t ron  d i f f r a c t i o n .  Both f i lms  gave the  same d i f f r a c t i o n  
pa t t e rns .  The important conclusion is  t h a t  no l i n e s  due t o  f r e e  
cadmium were observed. 
g r e a t e r  d e t a i l  i n  a separa te  HDL t echn ica l  r epor t  which is i n  pre- 
para t  ion. 

The work summarized here  w i l l  be reported i n  

4. PROGRESS - ADMINISTRATIVE 

4.1 Hi s to r i ca l  Survey 

This s ec t ion  i s  i n  cont inuat ion of a pol icy  t o  record high- 
l i g h t s  of papers published during the  r epor t  per iod on th in- f i lm rad ia-  
t i on - re s i s t an t  devices and assoc ia ted  experimental  or t h e o r e t i c a l  
s tud ie s ,  or mater ia l s  technology. No s l i g h t  by omission is intended 
i n  t h i s  s e l ec t ion  from voluminous material. The emphasis during t h i s  
period has  been on supporting research aimed a t  understanding e x i s t i n g  
or proposed ac t ive  devices r a t h e r  than on the  devices  themselves. Thus, 
no new ac t ive  t r i o d e s  have appeared, but r a t h e r  new embodiments o r  re- 
finements of e x i s t i n g  devices  have been exp lo i t ed .  
i n  t r i odes ,  as such, concerns the  f i e l d  effect  o r  space-charge-limited 
type a s  opposed t o  the  hot  carrier type. 
Beach) repor t s  Cadmium s u l f i d e  triodes (ref 14) wi th  p rope r t i e s  ( f o r  ex- 
ample: 

The g rea t ebP .ac t iv i ty  

Zuleeg of Hughes (Newport 

gm > 10.000 p h o s )  comparable t o  those of W e i m e r ' s  ( r e f  15 ) -  
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H e  claims improved material cont ro l  by molecular beam depos i t ion  from 
a Knudsen cel l .  Sha l lc ross  of RCA (Princeton)  obtained similar r e s u l t s  
with cadmium se len ide  ( r e f  16). With colleagues,  he also determined 
evaporated cadmium s u l f i d e  f i lm  p rope r t i e s  ( r e f  17) such as mobil i ty ,  
t r a p  densi ty ,  and d i f fus ion  c h a r a c t e r i s t i c s  of copper and s i l v e r  i m -  
p u r i t i e s .  
by Kauppila of General Motors (Dearborn) c a l l e d  the  sur face  unipolar  
t r i o d e s  ( re f  18), which d i f f e r s  i n  t h a t  a h ighly  doped sur face  layer 
is u t i l i z e d  f o r  the  ac t ive  region. Latham, Lindholm, and coworkers 
( r e f  19) developed new opera t iona l  modes of t he  f i e l d  e f f e c t  t r i o d e  
using two ga tes ,  one f o r  b i a s  and the  o the r  f o r  cont ro l .  They also 
improved the design theory,  accounting f o r  t he  va r i ab le  channel width 
from source t o  dra in ,  i n  determining ga te  capaci tance ( r e f  20). Richer 
and Middlebrook of Ca l i fo rn ia  I n s t i t u t e  of Technology published a 
s e r i e s  of papers  on design theory f o r  t he  f i e l d  e f f e c t  t r i o d e .  One 
develops power law t r i o d e  c h a r a c t e r i s t i c s  ( r e f  21).  Another der ives  
the  c h a r a c t e r i s t i c s  by s impl i f i ed  charge .cont ro1  theory ( r e f  22). 
Several  o thers  consider  bas i c  l i m i t s  of the  de r iva t ions  and p rope r t i e s  
of these  devices ( r e f  23). A f i n a l  paper ( r e f  24) r e f i n e s  the  
Lindholm et  a 1  ( re f  20) ca l cu la t ion  of input  capaci tance.  

A v a r i a t i o n  of the t r i o d e  with cadmium s u l f i d e  was descr ibed 

The p r inc ipa l  noise  a t  moderately high frequencies  (mega- 
cycle  region) i n  these t r i o d e s  i s  ascr ibed  by van der Z i e l  ( r e f  25) 
t o  be ga te  noise ,  i.e., input f l u c t u a t i o n s  coupled t o  channel region 
through the ga te  capaci tance.  Noise measurements by Bruncke ( r e f  26) 
agree with t h i s  theory.  

Several  papers involve refinements i n  t he  theory f o r  space- 
charge-limited cu r ren t s  a s  the conduction mechanism i n  these  devices.  
Lindmayer e t  a1 ( re f  27) g ive  a complete, normalized so lu t ion  f o r  t he  
one-carr ier  model, so t h a t  t he  material cons tan ts  are absorbed i n t o  
dimensionless coordinates  p l o t t e d  as un ive r sa l  curves.  A u n i f i e d  
theory encompassing both c a r r i e r s  ( e l ec t rons  and holes)  and t r a p s  was 
developed by Muller ( r e f  28). H e  a l s o  repor ted  experimental  work with 
gold blocking contac ts  on cadmium s u l f i d e  ( r e f  29), where emission a t  
high f i e l d s  f i t  Schottky theory.  

# 

Two addfeonal papers on e f f e c t s  t h a t  might be encountered i n  
cadmium s u l f i d e  t r i o d e s  are worth not ing.  Chopra a t  Phi lco found ev i -  
dence of avalanche i n j e c t i o n  i n  cadmium s u l f i d e  f i l m s  ( r e f  30). Russ 
measured conduct ivi ty  i n  cadmium s u l f i d e  and z inc  s u l f i d e  with and with- 
out  guard e lec t rodes  ( r e f  31) and thereby de tec ted  appreciable  sur face  
leakage cur ren ts .  

As noted previously,  l i t t l e  work w a s  repor ted  on experimental  
hot c a r r i e r  t r i o d e s .  The i n i t i a l  successes  w e r e  d i f f i c u l t  t o  reproduce, 
and some controversies  arose concerning the mechanisms of opera t ion  
( r e f  32). This, therefore ,  st imulated many s t u d i e s ,  both experimental  
and t h e o r e t i c a l ,  of t he  sepa ra t e  mechanisms o r  p a r t s  of these  devices,  
i .e. ,  emi t t e r  or c o l l e c t o r  diode s t r u c t u r e s ,  base t r anspor t ,  b a r r i e r  



he igh t s  f o r  c o l l e c t i o n  and emission, m d  the  technology of the  ma te r i a l s  
themselves. A ta l l a  and Soshea ( re f  33) made an ana lys i s  of these  t r i o d e s  
and compared t h e i r  performance w i t h  t h a t  of t r a n s i s t o r s .  They show t h a t  
t he  gain-bandwidth product, l i k e  tha t  of the  t r a n s i s t o r ,  increases  with 
cur ren t  densi ty .  
bandwidth products, o r  maximum o s c i l l a t i n g  frequencies ,  are 60 gc f o r  the  
metal base t r a n s i s t o r ,  and 10 gc f o r  t he  tunnel  emission t r i o d e ,  compared 
with 5 t o  12 gc f o r  the  bipolar t ransis tor .  Gossick ( r e f  34) developed 
the  theory and design of one t r iode  of t h i s  c l a s s ,  the  metal-base 
t r a n s i s t o r  ( r e f  32) as w e l l  as the  metal-semiconductor r e c t i f i e r  as a 
separa te  p a r t  of the  device.  

A t  a reasonable current  d e n s i t y d d  A/cm2 t he  gain- 

The bulk of the  published work involved t h e  study of diode 
s t r u c t u r e s .  Pollack e t  a 1  ( r e f  8, 35) found Schottky emission and a form- 
ing  e f f e c t  r e s u l t i n g  from polar iza t ion  i n  aluminum oxide diodes.  T h i s  
po la r i za t ion ,  was a t t r i b u t e d  t o  migration of me ta l l i c  ions t o  the  negat ive 
e l ec t rode  (cathode) thereby lowering the  work func t ion  f o r  emission i n  
one d i r ec t ion .  The e f f e c t  was revers ib le  i n  t h a t  conduction could be in- 
creased i n  the  o the r  d i r e c t i o n  when the diode p o l a r i t y  w a s  reversed. 
Simmons and coworkers authored a s e r i e s  of t h e o r e t i c a l  and experimental  
papers,  mainly supported by measurements on beryll ium oxide diodes.  
The e f f e c t  of d i s s i m i l a r  e lec t rodes  on conduction and breakdown w a s  
noted ( re f  36). Rec t i f i ca t ion  r a t i o s  var ied w i t h  t he  metal used as 
countere lec t rode ;  changes i n  breakdown vol tage corresponded t o  d i f f e rences  
i n  work funct ion of the  counterelectrode metal. Beryllium oxide diodes 
( r e f  37) showed tunnel emission a t  low temperatures and tunnel-plus- 
Schottky thermionic-emission a t  room temperature, similar t o  r e s u l t s  
found i n  Emtage and Tantraporn's e a r l i e r  work on aluminum oxide and 
polymer diodes ( r e f  38). The e f f e c t  of p o t e n t i a l  b a r r i e r  shapes on the  
tunnel ing  cur ren t  w a s  explored, and a rec tangular -bar r ie r  graphica l  
approximation was evolved t h a t  f i t s  da ta  on beryll ium oxide diodes ( r e f  
39). A f i n a l  paper ( r e f  40) developed a general  expression f o r  tunnel- 
ing i n  symmetrical diodes,  which is  more t r a c t i b l e  than Holm's equat ion 
a t  intermediate  vol tage (ref 41), but converges t o  H o l m ' s  s i m p l e r  
equat ions f o r  low and high voltages,  i .e.,  much less or g r e a t e r  than 
t h e  b a r r i e r  he ight .  Geppert analyzed the  e f f e c t  of image forces ,  doping, 
space charge, and t r a p s  on the  shape of the  p o t e n t i a l  b a r r i e r  f o r  tun- 
ne l ing  i n  the  i n s u l a t o r  region between metal e l ec t rodes  ( r e f  421, which 
f i t  experimental  da ta  i n  t he  l i t e r a t u r e .  Meyerhofer and Ochs ( r e f  43) 
obtained current-versus vol tage data  on aluminum oxide and beryll ium 
oxide diodes,  which f i t  r igorous tunnel ing theory. A p o s t s c r i p t  t o  
t h i s  review of diode s t u d i e s  was added by Chow, who analyzed the errors 
involved w i t h  approximations used i n  the  t h e o r e t i c a l  models of Holm and 
S t r a t t o n  (ref 44). He a l s o  t r ea t ed  the  e f f e c t  of nonuniform thickness  
of t h e  in su la t ing  f i l m  on the  tunnel c h a r a c t e r i s t i c  ( r e f  a5). 

Since base t r anspor t  is  an important cons idera t ion  w i t h  hot  
c a r r i e r  t r i o d e s  as wel l  as t r a n s i s t o r s  (and l i t t l e  is known regarding 
the  former), a series of papers was published on ene rge t i c  e l e c t r o n  
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t ranspor t  i n  metals. 
fus ion  theory is  inadequate f o r  descr ibing t h i s  process and apply the 
more general  Monte Carlo or random-walk method. 
which exc i ted  e l e c t r o n s  a r e  i n e l a s t i c a l l y  s c a t t e r e d  by electron-elec-  
t ron  in t e rac t ions .  They show t h a t  the  range o r  a t t enua t ion  length 
measured through the  f i lm w i l l  genera l ly  be less than the  ca l cu la t ed  
mean f r e e  path between e lec t ron-e lec t ron  c o l l i s i o n s ,  which I made 
up of zig-zag segments from random s c a t t e r i n g  events .  Discrepancies 
between e a r l i e r  theory and experiment are thereby resolved. Quinn, 
who developed the  e a r l y  theory based on the f r e e  e l e c t r o n  gas approxi- 
mation fo r  a metal ( r e f  47), extended h i s  desc r ip t ion  t o  t h a t  of a 
r e a l  metal w i t h  d i e l e c t r i c  constant dependent upon energy band s t r u c t u r e  
( re f  48). 
above (which he a l s o  discussed a t  g rea t  length) ,  a more cons is ten t  
p i c tu re  of e l e c t r o n  range i n  metals i s  obtained, p a r t i c u l a r l y  of t he  
anomalously low value reported f o r  copper ( r e f  48). An add i t iona l  
refinement i n  the  theory w a s  made by Adler i n  reference 49, where he 
showed tha t  s o l i d  s t a t e  cons idera t ions  such a s  the  devia t ion  from a 
spher ica l  Fermi sur face  reduce the  range of hot e l e c t r o n s  i n  metals. 
This paper w a s  a l s o  c i t e d  by Quinn t o  expla in  the  low value i n  copper. 

S tua r t  e t  a 1  ( r e f  46) claim t h a t  ordinary d i f -  

A model w a s  used i n  

L A  

Combining these r e s u l t s  w i t h  those of S t u a r t  e t  a1 descr ibed 

Several  experimental  papers on hot e l e c t r o n s  i n  metals were 
reported.  Col l ins  and Davies ( r e f  50) measured the  energy d i s t r i b u t i o n  
of hot e l ec t rons  i n  aluminum by r e t a rd ing  f i e l d  measurements on an 
aluminum oxide tunnel  cathode. White and Logan ( r e f  51) determined an 
a t tenuat ion  length of 130 f 40 8 f o r  4.7-eV e l e c t r o n s  i n  gold by 
Schottky emission i n  reverse-biased gal l ium phosphide avalanche diodes.  

The b a r r i e r  height  o r  work funct ion,  noted previously a s  an 
important parameter cha rac t e r i z ing  hot carrier t r iodes ,  was est imated 
i n  most of the  diode or emission s t u d i e s  c i t e d  above. Many o the r  
works descr ibe the  determination of b a r r i e r  height  e i t h e r  i n d i r e c t l y  
from current-voltage o r  capacitance-voltage da t a ,  f o r  example, o r  
d i r e c t l y  by photoe lec t r ic  o r  o the r  such measurements. They are too  
numerous t o  be discussed here ,  and some methods have been used only 
on bulk o r  s ing le  c r y s t a l s ,  w i t h  but p o t e n t i a l  app l i ca t ion  t o  th in-  
f i l m  s t ruc tu res .  The same remarks apply t o  a weal th  of l i t e r a t u r e  
on mater ia l s  technology, such a s  the  prepara t ion  or p rope r t i e s  of 
var ious th in  f i lms,  some of which might con t r ibu te  t o  t h e  r e a l i z a t i o n  
of a r e l i a b l e  ac t ive  thin-f i lm device.  

F ina l ly ,  s eve ra l  conferences during t h i s  per iod r equ i r e  some 
discussion.  The Spring Meeting of t he  Electrochemical Society a t  
Pi t tsburgh,  Pa. (15-18 Apri l )  sponsored a Joint  Symposium on Thin Films 
f o r  Electronic  Applications.  Some of t h e  papers were de l ivered  by  
authors  already c i ted above from the  l i t e r a t u r e  as ampl i f ica t ion  o r  
extension of t h e i r  work. Numerous o t h e r s  dea l ing  w i t h  the  technology 
of mater ia l s  again have poss ib le  bearing on f u t u r e  t h i n  f i l m  devices.  
A few a r e  of more immediate i n t e r e s t  and the re fo re  deserve comments. 



Miles and Smith of Arthur D. L i t t l e ,  Inc presented da ta  on gaseous 
anodized aluminum oxide diodes which f i t  simple tunneling theory, 
shcwing neg l ig ib l e  temperature or image force  e f f e c t s .  Current was 
stable over t e n  decades t o  a maximum cur ren t  dens i ty  of lo3 A/cm2. 
A s y m m e t r i c a l  diodes, t h a t  is, with d i f f e r e n t  countere lec t rodes ,  were 
examined and showed r e c t i f i c a t i o n  e f f e c t s  t h a t  c o r r e l a t e d  wi th  l i t e r a -  
t u r e  va lues  of t h e  e l ec t rode  work func t ions .  Hickmott of General 
Electr ic  (Schenectady) explored a voltage-controlled negative resist- 
ance i n  diodes of anodic aluminum, tantalum, zirconium, and t i t an ium,  
i n  which t h e  peak cu r ren t  occurred a t  a voltage propor t iona l  t o  t h e  
square root  of the  d i e l e c t r i c  constant of t he  oxide.  They exh ib i t ed  
square-law conduction ( a t t r i b u t e d  t o  a poss ib le  space-charge-limited 
mechanism) up t o  t h i s  vo l tage  and cu r ren t .  Operated i n  vacuum these  
diodes a l s o  emit ted e l e c t r o n s  i n  t h e  negative r e s i s t a n c e  region, t h e  
th re sho ld  f o r  emission occurr ing  a t  a voltage somewhat less than ha l f  
t h e  vacuum work func t ion ,  and an add i t iona l  rise i n  emission a t  a 
vol tage  somewhat g r e a t e r  than t h e  work function. Johnson of Westing- 
house (P i t t sburgh)  discussed physical processes i n  cadmium s u l f i d e  
f i e l d  e f f e c t  t r i o d e s .  H e  showed t h a t  t h e  transconductance is depend- 
e n t  upon t h e  doping-mobility product r a t h e r  than the  mobi l i ty  a lone.  
He developed design theory  f o r  various cases ,  such as semiconducting 
cadmium s u l f i d e  with t h i n  or t h i c k  g a t e  i n s u l a t o r ,  and i n s u l a t i n g  
cadmium s u l f i d e .  Resul t s  from the  l i t e r a t u r e  were c i t e d  t o  demonstrate 
t h a t  t h e  h ighes t  transconductance is a t t a i n e d  wi th  semiconducting 
cadmium s u l f i d e .  Other e f f e c t s ,  such as loss of g a t e  vol tage  i n  f i l l -  
i ng  surface-trapping states, and f i e l d  ion iza t ion  of Shallow ionized 
donors, were considered as poss ib le  causes f o r  depar ture  from i d e a l  
c h a r a c t e r i s t i c s  and also were observed on devices f a b r i c a t e d  i n  h i s  
labora tory .  

The 1963 S o l i d  S t a t e  Device Research Conference he ld  t h i s  
yea r  a t  East  Lansing, Michigan (12 - 14 June) posted r e l a t i v e l y  few 
papers on th in- f i lm device research. W e i m e r  and coworkers a t  RCA 
(Pr ince ton)  presented a mul t ie lec t rode  refinement of t h e i r  o r i g i n a l  
cadmium s u l f i d e  t r iode .  Miksic and colleagues from IBM (Yorktown 
Heights) discussed t h e  behavior of cadmium s u l f i d e  t r a n s i s t o r s  of 
t h e i r  own design and cons t ruc t ion ,  An ampl i f i ca t ion  of h i s  ear l ie r  
theory ,  c i t e d  previous ly  i n  t h i s  review ( r e f  2 5 ) ,  on excess noise  i n  
f i e l d  e f f e c t  t r a n s i s t o r s  w a s  made by van der  Z i e l .  Hershinger e t  a1 
of Phi lco  (Bluebell)  d i sc losed  a metal-base t r a n s i s t o r  u t i l i z i n g  graded 
z i n c  sulfide-cadmium s u l f i d e  f i lms ,  t he  f i r s t  p o l y c r y s t a l l i n e  th in -  
f i l m  vers ion  of t h i s  type device having power ga in  (approximately 20) .  
Smith and Miles of Arthur D. L i t t l e ,  Inc e l abora t ed  on t h e i r  work wi th  
aluminum oxide diodes (which w a s  c i t e d  above i n  connection w i t h  t he  
Electrochemical Soc ie ty  Conference a t  P i t t sbu rgh) .  F i n a l l y  Moll and 
colleagues a t  Stanford discussed t h e i r  recent  s t u d i e s  of ho t  e l e c t r o n  
energy and range i n  gold.  Experimental d a t a  were obta ined  by both 
photoresponse of gall ium arsenide-gold su r face  barrier diodes and e m i s -  
s i o n  from cathodes w i t h  a go ld  wedge f i l m  on s i l i c o n ,  which w e r e  con- 
s i s t e n t  and i n  s u b s t a n t i a l  agreement w i t h  t h a t  of o t h e r  workers. 
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4.2 Contract E f f o r t  

Research programs a t  Phi lco Corporation and General 
E l e c t r i c  (Owensboro) were monitored by HDL f o r  NASA. Work continued 
from June 1962 through September 1963. Detai led progress  under these  
con t r ac t s  is being reported sepa ra t e ly ;  a resume of the  work follows. 

4.2.1 l?hilco Contract 

The e f f o r t  a t  Philco w a s  appl ied i n  th ree  a reas :  

(1) f a b r i c a t i o n  of bEA t r i odes ,  

(2) s tudy of thin-f i lm diodes,  and 

(3) ana lys i s  of the "back-scattering" problem. 

The metal-edge-amplifier (MEA device) u t i l i z e d  two f i lms  of aluminum, 
separated by a t h i n  f i lm of oxide, placed s i d e  by s i d e  on a s u b s t r a t e  
of germanium. When the  cont rac t  began, t he  Phi lco researchers  were 
having t rouble  with e l e c t r i c a l  sho r t s  i n  t h e  oxide f i lm,  and were un- 
ab le  t o  make devices t h a t  they had previously made successfu l ly .  A t  
f i r s t  i t  was f e l t  t h a t  an improvement In  the  vacuum would lead t o  
more reproducible r e s u l t s ;  t he  change was made from a conventional o i l -  
pump system t o  an ultra-high-vacuum system wi th  an ion pump. 
were made in oxygen pressure and s u b s t r a t e  temperature t o  determine the  
e f f e c t  on thermally grown oxide f i lms .  F i n a l l y  the  idea of thermal 
growth w a s  abandoned, and two new methods of forming oxide f i lms  were 
s tud ied .  These methods were plasma anodizat ion and reactive deposi t ion.  
With the  la&r  method it was eventual ly  poss ib le  t o  reproducibly deposi t  
very t h i n ,  compact, pinhole-free f i lms.  Moreover a servo system was 
assembled t h a t  could sense, and automatical ly  con t ro l ,  the  r a t e  of 
deposi t ion of the  oxide fi lm. In  s p i t e  of t h i s  e f f o r t ,  the  MEA devices  
were s t i l l  not reproducible.  An occasional  device showed good charac- 
t e r i s t i c s ,  J u s t  a s  had been t r u e  a t  t he  beginning of the cont rac t  
period. However most of the  devices, by f a r ,  were not  good. Reluc tan t ly  
the experimenters decided t h a t  the  r e a l  problem l ay  i n  the  con t ro l  of 
geometry i n  the  s t ruc tu re ,  and t h a t  such con t ro l  w a s  beyond t h e  l i m i t s  
of present  technology. 

Var ia t ions  

The problem of back-scat ter ing a t t r a c t e d  e a r l y  a t t en -  
t i o n  a t  Philco. I t  was f e l t  t h a t  e l e c t r o n s  passing from a metal i n t o  
a semiconductor would be s c a t t e r e d  by t h e  p o t e n t i a l  s t e p  a t  the in t e r f ace .  
Moreover a c e r t a i n  f r a c t i o n  of the e l e c t r o n s  t h a t  had en tered  t h e  s e m i -  
conductor would s u f f e r  momentum-reversing c o l l i s i o n s  and be s c a t t e r e d  
out  again.  T h i s  was considered t o  be a s e r ious  f a c t o r  t h a t  would l i m i t  
the  co l l ec t ion  e f f i c i e n c y  of any hot  e l e c t r o n  device.  Consequently 
considerable e f f o r t  was put i n t o  a t h e o r e t i c a l  a n a l y s i s  of t h i s  pro- 
blem. Some i n t e r e s t i n g  r e s u l t s  w e r e  obtained and experiments were 
planned t o  ver i fy  some of the  pred ic t ions  of the  theory.  
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I t  was the  concern wi th  back-scatterinc: t h a t  l e d  t o  
t h e  concept of t he  metal-oxide-semiconductor (MOS) diode. This  w a s  con- 
ce ived  t o  be e s s e n t i a l l y  a metal semiconductor su r face -ba r r i e r  diode, 
but the oxide l aye r  between m e t 2 1  and semiconductor was supposed t o  
reduce back-sca t te r  and enhance c o l l e c t i o n  e f f i c i e n c y .  MOS diodes of 
aluminum-aluminum oxide-germanium were f a b r i c a t e d  i n  connection wi th  
t h e  work on MEA devices a l ready  described. I t  w a s  shown t h a t  a de- 
p l e t i o n  reg ion  e x i s t e d  i n  the  germanium, even when t h e  oxide f i l m  was 
in te rposed  ( t h e r e  had been some doubt about t h i s  po in t ) ,  but i t  was 
a l s o  shown t h a t  t h e  presence of the oxide caused a "smearing out" of  
t h e  p o t e n t i a l  g rad ien t  and caused a degradation of  device charac- 
terist ics.  MOS diodes were also fab r i ca t ed  on cadmium s u l f i d e  (again 
us ing  aluminum-aluminun oxide) ,  A t  f i r s t  t h e  i n v e s t i g a t i o n  centered  
around techniques f o r  depos i t ing  cadmium s u l f i d e  and improving the 
q u a l i t y  of t h e  f i l m  by appropr ia te  heat t rea tment ,  L a t e r  some diodes 
w e r e  made and t h e  cur ren t -vol taze  c h a r a c t e r i s t i c s  were recorded. I t  
proved t o  be d i f f i c u l t  t c  i n t e r p r e t  t hese  c h a r a c t e r i s t i c s  on t h e  basis 
of e i ther  tunnel ing  theory or conventional diode theory.  The cu r ren t  
w a s  exponent ia l  w i t h  voltage,  symmetrical with r e spec t  t o  p o l a r i t y ,  
and i n s e n s i t i v e  t o  changes i n  temperature. 

I t  w a s  found t h a t  v i s i b l e  l i g h t  was emi t ted  from 
these diodes when they were operated a t  7 f K  wi th  a s t rong  d-c fo r -  
ward b i a s .  The Phi lco  i n v e s t i g a t o r s  were i n t e r e s t e d  i n  pursuing an  
inves t  i za t  ion of t h i s  phenomenon, but were discouraged from doing so 
under the HDL c o n t r a c t ,  

HDL r e sp resen ta t ives  ur,aed Ph i l co  t o  concent ra te  on 
e:r;xrixats t h a t  would prove or disprove the f e a s i b i l i t y  of the Mead 
t r i o d e .  Accordingly Phi lco  propcsed an elaborate--but direct--experi-  
m e i i t  invclviiig t h e  shooting of low-enercy e l e c t r o n s  a t  a metal-insulator- 
metal sandwich. The experiment would mcascre a t t e n u a t i o n  of ho t  elec- 
t r o n s  iil the  f irst  ne ta l  f i l m  and would detcrrnine whether back-scatter-  
ing  w a s  a s e r i o u s  problem a t  t h e  metal-insulator i n t e r f a c e .  The proposal 
was ap2roved and prepara t ions  were undertaken t o  design and b u i l d  a 
s p e c i a l  e l e c t r o n  gun, modify the  vacuum system, and prepare s u i t a b l e  
samples, These prepara t ions  were vigorously pursued and t h e  experiment 
w a s  on the  verge of being performed a t  t he  t ine of e x p i r a t i o n  of t h e  
con t r ac t  . 

4.2.2 General E lec t r i c  Contract 

The purpose of t h e  General Electr ic  work w a s  t o  exper i -  
ment w i t h  materials and techniques i n  the hope of developing a p r a c t i c a l  
t unne l  cathode. The i n i t i a l  approach was t o  vacuum depos i t  s t r i p s  of 
aluminum on a g l a s s  s u b s t r a t e ,  grow a t h i n  aluminum oxide f i l m  by w e t  
anodiza t ion  techniques,  and then vacuum depos i t  a counter-electrode of 
aluminum or gold.  This  method produced workable diodes from which 
measurable emission i n t o  t h e  vacuum w a s  ob ta ined  early i n  t h e  con t r ac t  
per iod .  N o  better s y s t e m  than t h i s  was eve r  fcmnd, altl?Gu,rrh experiments 
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w e r e  conducted w i t h  a v a r i e t y  of o the r  counter-electrode mater ia l s ,  
subs t r a t e  materials,and an a l t e r n a t i v e  method of growing the  oxide. 

Aluminum and aluminum oxide were used i n  a l l  diodes.  
Counterelectrode ma te r i a l s  t h a t  were t r i e d  included n icke l ,  aluminum, 
t i tanium, platinum, lead, magnesium, manganese, bismuth, t i n ,  indium, 
and gold. N o  mater ia l  proved t o  be as good a s  gold,  presumably because 
no o ther  mater ia l  could be deposited i n  uniform f i lms  a s  t h i n  a s  the  
gold f i lms.  This  was subs tan t ia ted  by d e t a i l e d  examinations of the  
var ious f i lms with an e l e c t r o n  microscope. 

There w a s  a l s o  experimentation w i t h  t he  s u b s t r a t e  
mater ia l .  There were two reasons f o r  i n t e r e s t  i n  the  s u b s t r a t e :  t he  
smoothness of the  subs t r a t e  was important i n  determining the  smoothness 
of t h e  deposited f i lms ,  and the  heat  conduct ivi ty  of the  subs t r a t e  w a s  
important i n  determining the  power l e v e l s  a t  which burnout would occur.  
Experiments were performed with g l a s s ,  ceramic, and metal subs t r a t e s ,  
but g l a s s  was the  most p r a c t i c a l .  

Gaseous anodization was t r i e d  a s  an a l t e r n a t i v e  method 
of growing the oxide f i lm.  I t  was f e l t  that  s ince  t h i s  was an inherent ly  
c leaner  process, i t  would have advantages over the  method of w e t  anodi- 
za t ion .  However, the  diodes produced by  the  newer technique were never 
a s  good a s  the ones produced by conventional methods. Another disappoint-  
ment w a s  the  attempted use of barium oxide t o  lower the  work funct ion a t  
the  metal-vacuum in t e r f ace .  I t  was f e l t  t h a t  depos i t ing  a t h i n  f i lm  of 
barium on the gold e lec t rode  would enhance emission, but ins tead  it  
produced e l e c t r i c a l  s h o r t s  and un re l i ab le  devices .  

An important phase of the  experimental work was con- 
cerned with the  determination of optimum th icknesses  f o r  both the  
in su la to r  and counterelectrode f i lms .  The bes t  empir ica l  values  were 
about 100 f o r  the  aluminum oxide and 80 8 f o r  t he  gold.  
f i l m s  of t h i s  thickness  were capable of support ing a p o t e n t i a l  d i f -  
ference of 6 t o  8 v o l t s ,  and could pass d i r e c t  cur ren t  of dens i ty  about 
1 a/cm2. 
ta ined  under d-c condi t ions from a 1-mm2 e l ec t rode .  Most measurements 
were conducted under pulse condi t ions (with about a 10% duty cycle)  i n  
order  t o  avoid thermal des t ruc t ion  of the  devices .  The bes t  r e s u l t s  
obtained were a s  follows. Diodes could be made reproducibly t h a t  would, 
for:period of severa l  days, operate  a t  peak c u r r e n t s  of 0.42 amp and 
emit 1.4 ma (60 ma/cm2) i n t o  vacuum. By t h e  end of the  con t r ac t  period, 
i t  had been shown t h a t  there w e r e  good reasons for bel iev ing  t h a t  a 
p r a c t i c a l  cold cathode could eventua l ly  be b u i l t ,  a t  l e a s t  f o r  low 
cur ren t  appl ica t ions .  

G. E. oxide 

Emission cu r ren t s  as high a s  s eve ra l  microamperes were ob- 

5. CONCLUSION 

A t  t he  inception of the  work on Radiation-Resistant Elec t ronics  
a t  HDL, t he  object  was t o  determine the  f e a s i b i l i t y  of a thin-f i lm,  
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ho t  e l e c t r o n  t r i o d e  of t he  type proposed by Mead. I t  w a s  f e l t  t h a t  
such research  would not  provide an immediate so lu t ion  t o  any e x i s t i n g  
problem, but might be the  b a s i s  f o r  a long range attack on the  problem 
of what t o  do about r a d i a t i o n  damage t o  t r a n s i s t o r s  i n  space environ- 
ments. In  add i t ion  t o  rad ia t ion- res i s tance ,  t he  Mead device o f f e red  
the  advantages of small volume, l o w  power consumption, and t h e  capa- 
b i l i t y  of being f ab r i ca t ed  from po lyc rys t a l l i ne  materials. 

A t  t he  ou t se t ,  t he  p r inc ipa l  quest ions were: 

(1) whether tunnel ing w a s  a p r a c t i c a l  mechanism f o r  use i n  
a hot  e l e c t r o n  emitter,  

(2) wheiher hot  e l e c t r o n s  could propagate use fu l  d i s t ances  
through metal f i lms ,  and 

( 3 )  whether a c o l l e c t o r  could be r e a l i z e d  tha t  would be suf-  
f i c i e n t l y  opaque t o  cold e l e c t r o n s  and t r anspa ren t  t o  hot  e l ec t rons .  

Concerning the f irst  of these quest ions,  there are ind ica t ions  
t h a t  a p r a c t i c a l  tunnel emit ter  is  i n  the  o f f ing .  I t  has been shown 
t h a t  f i lms  of t he  requi red  th inness  can be made, and t h a t  ho t  e l e c t r o n  
c u r r e n t s  can be produced. For example, hot  e l e c t r o n s  have been 
e x t r a c t e d  from cold cathodes i n  a t  least  t h r e e  research  programs, v i z :  
Westinghouse, General Elec t r ic ,and  Raytheon. I t  has  been d i f f i c u l t  t o  
es tab l i sh  t h a t  tunnel ing w a s  ac tua l ly  the  bas i c  mechanism, but even 
here the  evidence i s  mounting. Data, such as t h a t  produced by Miles 
and Smith, o f f e r  convincing evidence t h a t  tunnel ing is the  dominant 
cu r ren t  mechanism i n  some thin-f i lm s t r u c t u r e s ,  

A t  f i r s t  t h e  preparat ion of f i lms  t h i n  enough f o r  tunnel ing went 
beyond what w a s  s ta te -of - the-ar t .  Whereas o p t i c a l  f i lms  (1/4 wavelength 
of v i s i b l e  l i g h t )  had previously been considered t h i n  a t  1000 %, tun- 
ne l ing  f i lms  had t o  be an order  of magnitude th inner ,  i .e. less than 
100 8. 
higher  vacua, r e f i n i n g  the processes of cont ro l  and measurement, and 
developing new techniques such as gaseous anodizat ion.  Because of t h i s  
progress ,  it i s  now poss ib le  t o  f ab r i ca t e  pinhole-free f i lms  so t h i n  
t h a t  tunnel ing should d e f i n i t e l y  occur. 

Progress has been made i n  the  past  two years  i n  achieving 

Any uncer ta in ty  remaining about tunnel ing arises from two f a c t o r s :  
complicat ions t h a t  have made it d i f f i c u l t  t o  i n t e r p r e t  the  data, and 
t h e  necess i ty  f o r  d i s t i ngu i sh ing  tunnel ing from o the r  processes  tha t  
can occur simultaneously.  Examples of t h e  kinds of complications 
countered are:  (1) aging e f f e c t s ,  where the  p rope r t i e s  of a sandwich 
would vary i n  t i m e  before  s t a b i l i z i n g )  
app l i ed  vol tage would cause i r r e v e r s i b l e  changes such as ion d i f fus ion ,  
and (3) e lec t r ica l  i n s t a b i l i t i e s ,  where sandwiches would burn through 
or breakdown and change suddenly from one s t a b l e  I-V c h a r a c t e r i s t i c  t o  
another .  There has  been s teady progress i n  understanding these phenomena, 

(2) f i e l d  e f f e c t s ,  where the  
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and improving the  techniques of f i lm f a b r i c a t i o n ,  One example is  t h e  
steady improvement i n  q u a l i t y  of the  vacuum-deposited S i 0  f i lms  under 
the  HDL cont rac t .  

Mechanisms o ther  than tunnel ing t h a t  can provide cur ren t  i n  a 
th in- f i lm sandwich include thermionic emission, i n j e c t i o n  through pin- 
holes ,  and space-charge-limited cur ren t .  These processes can be d i s -  
t inguished from each other ,  but t h i s  r equ i r e s  extensive experimental 
data ,  which is s t i l l  being co l l ec t ed .  Not enough current-vol tage 
c h a r a c t e r i s t i c s  have been obtained a s  y e t ,  a t  d i f f e r e n t  temperatures,  
on samples w i t h  known parameters (such a s  f i lm  th ickness) .  I t  is f e l t  
t h a t ,  wi th  a moderate amount of add i t iona l  research,  a p r a c t i c a l  emitter 
f o r  t he  so l id - s t a t e  t r i o d e  w i l l  soon be e s t ab l i shed .  

The second quest ion was concerned with the  propagation d is tance  of 
hot  e lec t rons .  Fortunately,  a s  a r e s u l t  of work done a t  severa l  labo- 
r a t o r i e s ,  it has been poss ib le  t o  ge t  an a f f i rma t ive  answer t o  t h i s  
quest ion.  Recent developments i n  Quinn's theory by S tua r t ,  Wooten, 
and Spicer  have already been mentioned. Both t h e o r e t i c a l l y  and ex- 
perimentally,  it has been shown t h a t  e lec t rons ,wi th  energy a few 
v o l t s  above the  Fermi l eve l ,  can t r a v e l  d i s t ances  of severa l  hundred 
angstrom u n i t s  through metal f i lms  without appreciable  l o s s  of energy. 
This removes what was once an objec t ion  t o  a l l  hot  e l ec t ron  devices.  

The t h i r d  quest ion,  r e l a t e d  t o  t h e  c o l l e c t i o n  of hot  e l ec t rons ,  
has received the  l e a s t  a t t e n t i o n  and is  st i l l  l a r g e l y  unanswered. This  
is the  a rea  where fu tu re  research w i l l  have t o  be d i rec ted .  The only 
c o l l e c t o r s  b u i l t  so f a r  have used the  sur face  b a r r i e r  t h a t  occurs  a t  
a metal-semiconductor i n t e r f ace .  The o r i g i n a l  metal-interface-ampli- 
f i e r s  (MIA) used s ing le  c r y s t a l  germanium. Recently, a t  Philco, metal- 
base- t rans is tors  have been made i n  which c o l l e c t i o n  was accomplished 
i n  a polycrys ta l l ine  f i lm,  made of mixed s u l f i d e s  of z inc  and cadmium. 
The co l l ec t ion  e f f i c i ency  of a l l  these  devices has been low. From 
considerat ion of the back-scat ter ing problem, it has been theor ized  
t h a t  t he  co l l ec t ion  e f f i c i e n c y  of any hot e l e c t r o n  device,  s i m i l a r  t o  
the  Mead t r iode ,  w i l l  be low. The theory has  not  been confirmed; 
some experiments were planned, but have not ye t  been c a r r i e d  out .  I t  
w i l l  be important t o  determine from such experiments whether o r  not 
c o l l e c t i o n  e f f i c i ency  w i l l  a c t u a l l y  impose any se r ious  l i m i t a t i o n  on 
hot e l ec t ron  t r iodes .  

A b r i e f  discussion of t he  comparison of d i f f e r e n t  kinds of th in-  
f i l m  devices and the  ana lys i s  of Atalla and Soshea have been mentioned. 
In  comparisons of t h i s  kind, the  tunnel  t r i o d e  comes o f f  badly because 
tunnel ing requi res  a t h i n  in su la to r ,  and t h i s  r e s u l t s  i n  a l a rge  input 
Capacitance. I t  has been s t a t e d  t h a t ,  because of t h i s ,  the  tunnel  
t r i o d e  would always have poorer frequency performance than nontunneling 
devices.  
cu tof f  depends on more t h a n  emitter capaci tance) ,  it r ep resen t s  a 
l imi t ed  point of view even i f  t r u e .  The reason f o r  i n t e r e s t  i n  t he  Mead 

While  t h i s  has not been f i r m l y  e s t a b l i s h e d  ( s ince  f~tNUencY 



t r i o d e  was r ad ia t ion  r e s i s t ance .  Frequency performance was of secondary 
i n t e r e s t .  The Mead device s t i l l  o f f e r s  the  p o s s i b i l i t y  of being a 
r a d i a t i o n  r e s i s t a n t  s u b s t i t u t e  f o r  conventional t r a n s i s t o r s .  I t  would 
be of considerable value as such even i f  it should prove t o  have lower 
4 and somewhat lower frequency cutoff than conventional t r a n s i s t o r s .  
This is  why it i s  s t i l l  worthwhile t o  continue the  inves t iga t ion  of 
the  Mead t r iode .  It is  f e l t  that  research i n t o  ho t  e l e c t r o n  phenomena 
has  proceeded s a t i s f a c t o r i l y ,  but it is  s t i l l  too  e a r l y  t o  a s ses s  the  
u l t imate  c a p a b i l i t i e s  and l i m i t a t i o n s  of the  devices.  

Concurrent w i t h  the  study o f  the Mead t r i o d e ,  t he re  has been con- 
t inued  i n t e r e s t  i n  o ther  hot  e lec t ron  devices such a s  the  metal i n t e r -  
face  ampl i f ie r  (MIA) and the  metal base t r a n s i s t o r  (ME3T). Also the re  
has  been i n t e r e s t  i n  devices t h a t  a re  not hot  e l ec t ron ,  but a r e  s t i l l  
thin-fi lm, such a s  the  metal-edge-amplifier (MEA) and t h e  space-charge- 
l i m i t e d  t r i ode .  A b r i e f  review of the  s t a t u s  of these  devices w i l l  be 
presented. 

Or ig ina l ly  it  was f e l t  a t  Harry Diamond Laborator ies  t h a t  t he  M I A  
was of l i t t l e  i n t e r e s t  f o r  r ad ia t ion - re s i s t an t  e l e c t r o n i c s  because it 
depended on the  use of a s ing le  crystal  semiconductor f o r  c o l l e c t i n g  
the  hot  e l ec t rons .  S imi l a r ly  the  MET, i n  its o r i g i n a l  form, used s i n g l e  
c r y s t a l  mater ia l .  The major claim f o r  the  MBT w a s  i t s  predic ted  high 
maximum frequency of operat ion.  The c l a i m  w a s  also made t h a t  t he  MBT, 
being a major i ty  carrier device, would be more r a d i a t i o n - r e s i s t a n t  than 
conventional t r a n s i s t o r s .  (This argument would a l s o  hold f o r  t he  MIA.) 
However, it is  not  c l e a r  what f r a c t i o n  of the  col lector-base cur ren t  i n  
an MBT would be made up of minority c a r r i e r s  from the  semiconductor. 

I t  is  Radiation decreases  minori ty  c a r r i e r  l i f e t i m e  and increases  I 

f e l t  t h a t  t he  Mead t r iode ,  w i t h  no semiconductor would s t i l l  o f f e r  the 
bes t  p o s s i b i l i t y  of a r ad ia t ion - re s i s t an t  s u b s t i t u t e  f o r  t r a n s i s t o r s .  

co' 

There is one development that  could a l t e r  t h i s  conclusion. The 
work a t  Phi lco Corporation showed t h a t  a sur face  b a r r i e r  e x i s t s  i n  
po lyc rys t a l l i ne  as w e l l  a s  i n  s ing le-crys ta l  semiconductor mater ia l .  
This  opens up new oppor tuni t ies .  It  means possibly tha t  both the  M I A  
and the  MBT can be b u i l t  i n  a form t h a t  w i l l  be more r a d i a t i o n - r e s i s t a n t  
than w a s  previously thought possible .  

The MEA was discussed i n  the  sec t ion  on ex te rna l  e f f o r t .  Success 
here  seems t o  depend on the development of some new method f o r  achieving 
con t ro l  of e l ec t rode  spacing. A s  with other devices,  the  r a d i a t i o n  
r e s i s t a n c e  of the  MEA depends on whether i t  can be b u i l t  on polycrystal-  
l i n e  mater ia l .  

The space-charge-limited t r i o d e s  of Wright and W e i m e r  were a l s o  
discussed. The f i e l d  e f f e c t  version, i n  p a r t i c u l a r ,  seems to  show much 
promise. Triodes have been b u i l t  t h a t  exhib i ted  power ga in  and good 
device c h a r a c t e r i s t i c s ,  the  major problem being lack of r ep roduc ib i l i t y .  
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In est imat ing r ad ia t ion  s e n s i t i v i t y ,  one can say t h a t  the  device i s  a 
majori ty-carr ier  device t h a t  works i n  po lyc rys t a l l i ne  mater ia l .  These 
f a c t o r s  favor r ad ia t ion  r e s i s t ance .  Ora t h e  o the r  hand, t h e  space- 
charge-current mechanism is  ( i n  theory) very s e n s i t i v e  t o  t r a p  dens i ty ;  
from t h i s  point of view, the  device looks less r e s i s t a n t .  No d e f i n i t e  
answer can be given a t  t h i s  t i m e .  
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